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PREFACE 



In this book are presented the results of the authors' many years' ex- 
perience with their own classes in the development of a thorough course of 
instruction in the laws and theories of chemistry from quantitative stand- 
points. The course is intended for junior, senior, or graduate students of 
physical chemistry in colleges, scientific schools, and universities, who have 
completed the usual freshman and sophomore courses in chemistry, physics, 
and mathematics. 

The purpose of the course is to give such students an intimate knowledge 
of fundamental chemical principles and a training in logical, scientific 
thinking, such as will enable them to attack effectively the practical prob- 
lems arising in their subsequent educational or professional work in any of 
the branches of chemistry or related sciences. Descriptive text-books of 
physical chemistry afford a general survey of chemical laws and theories 
which may suffice for the purposes of students who are not preparing for 
a professional career on the educational, research, or industrial sides of 
chemistry, but they do not give that intensive training which is essential 
for pursuing successfully more specialized courses of scientific study or for 
appl3nng chemical principles to industrial problems. No one regards a 
course of lectures on the principles of mathematics as a suitable method of 
giving beginners the ability to handle that science, and with scarcely more 
reason can descriptive courses on physical chemistry be expected to afford 
a working knowledge of chemical principles in their quantitative aspects. 
Only by constantly applying the principles to concrete problems will the 
student acquire such a knowledge and the power to use it in new cases. 

Accordingly, the course of instruction is so planned as to make the 
student think about the significance of the principles presented and work 
out for himself the method of treatment of special cases upon the basis 
of those principles. To this end, the text is interspersed with problems, 
which prevent the student from memorizing the principles or complacently 
believing that a formal knowledge constitutes a real understanding of them. 
These problems are for the most part not of the usual type, involving merely 
substitution in formulas and mathematical operations, but are such as 
require clear logical thinking in the application of the principles to the 
cases under consideration. They are not merely supplementary or inci- 
dental to the text, but they are the feature about which the whole presen- 
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tation centers. The aim striven for has been to make each problem serve 
a definite purpose, and to have it involve independent thought, yet in such 
measure as shall not be beyond the mental capacity of college students who 
have completed good general courses in mathematics, physics, and chemistry. 
The problems have been gradually developed as a result of many years' 
trial of the plan with large classes of such students. While the authors 
realize that the presentation is in its detaib still far from perfect, they 
have decided to defer publication of it no longer, in the hope that this 
educational method, novel in this subject, may be further developed through 
the experience of other teachers, from whom suggestions will be gratefully 
received. 

In order to attain the purpose in view and yet keep the book within the 
limits of an undergraduate course, the subjects treated have been carefully 
selected from the point of view of their practical importance to the chemist; 
many topics being omitted that are oonunonly included in descriptive 
courses on physical chemistry or in complete treatises on the subject. The 
book consists mainly, as the table of contents shows, in a development of 
the atomic, kinetic, and ionic theories through a consideration of the physical 
properties directly related to them, and in a treatment, with the aid of these 
theories, from mass-action, phase, and thermodynamic view-points, of the 
principles relating to the rate and equilibrium of chemical reactions. The 
newer theories of atomic structure and of radiation have been reluctantly 
omitted; because, in spite of their transcendent interest and their im- 
portance to the future of chemistry, in their present stage of development 
they are appropriately treated in an advanced coiurse of the research type, 
rather than in a f imdamental undergraduate course of a systematic character. 
Lack of time has led also to the omission of those more specialized parts 
of the subject that treat of the physical properties of substances in the 
various states of aggregation, such as the metallic, crystalline, liquid, and 
dispersed states; for, important as are some of the generalizations already 
arrived at in these fields, their inclusion in this course would have involved 
sacrifice of an adequate and intensive treatment of the more fundamental 
principles. A systematic notation (summarized on page 297) has been 
employed throughout the book. 

The course of instruction, as carried out by the authors, consists of 
class-room exercises, mainly of the recitation type, given to sections of 
twenty to thirty students. At each exercise a number of problems are 
assigned which are to be solved and handed in at the beginning of the next 
exercise; the students being advised to use slide-rules so as to shorten the 
arithmetical work. The instructor then solves these problems on the 
blackboard, questioning members of the class as to how he shall proceed. 
He emphasizes the principles involved and the best way of looking at the 
problems under consideratioil. In the assignments it is customary not to 
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give out all at once the whole group of problems following a section of the 
text, but to assign only the first one or two of such a group, together with 
the last problems of the preceding group. This enables the instructor to 
discuss the principles relating to a new group of problems after the students 
have given some thought to them, but before they have passed to another 
topic; thereby insuring a better understanding of the general view-point 
from which it is best to attack the problems and removing difficulties which 
individual students may experience. Frequent written tests are given, con- 
sisting of review problems different from those already solved by the class, 
but involving the same principles. 

In order that the student may better appreciate the principles he is 
studying, it is desirable that the class work be accompanied by a brief 
laboratory coiurse, or if that is not practicable by lecture experiments, whose 
primary purpose should be to give concrete illustrations of the nature of the 
basic phenomena under consideration (such as vapor-pressure, ion-migration, 
reaction-rate); for the experimental methods by which the properties are 
determined are not described in this book, except in so far as these are es- 
sential to an understanding of the phenomena. Moreover, no attempt 
has been made to present the historical and research aspects of the topics, 
because of the impossibility of doing this at all adequately in a brief sys- 
tematic treatment of the well-established principles of the subject. Many 
teachers will doubtless desire to supplement this systematic presentation 
by mentioning these historical and research aspects, and by suggesting the 
collateral reading of reviews and original articles that have appeared in 
chemical periodicals, or of text-books of physical chemistry in which these 
aspects are more fully discussed. 

To cover satisfactorily the whole subject as here presented requires from 
1 20 to 150 exercises; but, in order to make it readily adaptable to a one-year 
90-hour course, certain articles and problems which are less important or 
more difficult are indicated by asterisks. It is also suggested that, when the 
subject must be completed in a one-year course, no attempt be made to 
include the thermodynamic treatment presented in Chapters X-XIII, 
but that, after taking up the chapter on thermochemistry, the course 
be completed by considering (without reference to its thermod3nQamic 
derivation) the applications of the important van't Hoff equation, as pre- 
sented in Arts. 167-169. When the course extends through a year and a 
half, the second year work will naturally consist of Chapters IX-XIII, these 
constituting a systematic course on thermodynamic chemistry, which in- 
deed may be pursued as a graduate subject by those who have not studied 
the earlier chapters of the book. 

The authors desire to express their indebtedness to many of their col- 
leagues for valuable suggestions, and especially to Professors S. J. Bates and 
£. B. Millard, and to Mr. Roger Williams, who have furnished detailed lists 
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of corrections and general criticisms. The authors desire also to thank 
Drs. G. N. Lewis and Merle Randall for the privilege of including, in ad- 
vance of its publication in their book on Thermodynamics and the Free 
Ener^ of Chemical Substances, a table showing the values of the electrode- 
poten^als recently derived by them. 

Pasadena and Cambridge^ March, 1922. 
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CHAPTER I 

THE COMPOSITION OF SUBSTANCES AND THE 

ATOMIC THEORY 



1. The Field of Chemistry. Its General Principles the Subject of 
this Course. — Chemistry treats of the composition and molecular 
structure of substances, of their properties in relation to their composi- 
tion and molecular structure, of changes in their composition, and of 
the effects attending such changes. Physics treats of the properties 
of substances without relation to their composition, and of changes in 
state that do not involve changes in composition. 

This course on Chemical Principles is devoted to a consideration of 
the more important general principles which express the properties and 
reactions of chemical substances. The subject here considered is 
sometimes called general, theoretical, or physical chemistry. The last 
of these names, which is now most commonly employed, carries the 
unfortunate implications that the subject is a separate branch of 
chemistry coordinate with inorganic, organic, analytical, or applied 
chemistry, and that it deals mainly with the physical sides of 
chemical science; whereas, in reality, it deals with the principles 
common to all branches of chemistry and is concerned primarily with 
purely chemical phenomena, such as the properties of substances in 
relation to their molecular structure, and such as the rate and 
equilibrium of chemical reactions and the attendant effects. The 
general plan adopted for the presentation of the subject in this book 
may be seen by reference to the headings of the Parts and Chapters 
in the Table of Contents given on the preceding pages. 

2. Pure Substances and Mixtures, Elementary and Compound 
Substances, the Elements, and the Law of Definite Proportions. — 
Out of the materials occurring in nature there can be prepared sub- 
stances which, when subjected to suitable processes of fractionation 
(that is, to operations which resolve the materials into parts or frac- 
tions), always yield fractions whose properties are identical when 
measured at the same pressure and temperature. Such substances are 
called pure substances; other substances which can be resolved by such 
processes into fractions with different properties being called mixtures. 
For example, whether a solid material is a pure substance or mixture 

3 






. : : ..:4-: •'••::: ITSE' COMPOSITION OF SUBSTANCES 



• •• 



may be determined by partially melting or vaporizing it or by partially 
dissolving it in solvents, and by comparing the value of the density, 
melting-point, or some other sensitive property, of the unmelted, un- 
vaporized, or undissolved part with that of the original material. 

The fundamental idea involved in the preceding considerations is 
that there exists an order of substances, called pure substances, of rela- 
tively great stability toward resolving agencies, each one of which has 
a perfectly definite set of properties, sharply differentiated from those 
of other pure substances; so that there is not a continuous series of 
pure substances whose properties pass over into one another by insensi- 
ble gradations. 

Nearly all pure substances, called compound substances because of 
the behavior to be now mentioned, can be converted, by subjecting 
them to sufficiently powerful resolving conditions, into a small number 
of other piu'e substances, called dementary substances, which are not 
further decomposed by chemical or physical processes. In corre- 
spondence with this fact all substances are considered to be composed 
of a small number of kinds of matter, about ninety in all, called the 
dements; each elementary substance consisting of only one of these 
elements, and each compound substance of two or more of them. 

Although some elements,- those contained in the so-called radio- 
active substances, have been found to be undergoing spontaneous 
disintegration, elementary substances obviously constitute a separate 
order of substances of very great, but not unlimited, stability toward 
decomposing agents. 

The general principle of the definiteness of the properties of pure 
substances applies also to the elementary composition of pure sub- 
stances. This fact is expressed by the law of definite proportions y which 
states that a pure substance, however it be prepared, always contains 
its elements in exactly the same proportions by weight. 

3. The Law of Combining Weights. — To the various elements 
definite numerical values can be assigned which when multiplied or 
divided by small whole numbers accurately express the weights of the 
elements which are combined with one another in all pure substances*^ 
Such numerical values are called the combining weights of the elements. 
Adopting i6 as the combining weight of oxygen, the combining weight 
of any other element may be defined to be that weight of it which 
combines with i6 parts of oxygen, or with a quantity of oxygen (such 
as 8, 24, or 32 parts) which stands to 16 in the ratio of small whole 
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numbers. It will be seen from this definition that a combining weight 
is an arbitrary multiple of an exact quantity^ The principle that the 
composition of all pure substances can be accurately expressed in 
terms of the so-defined combining weights of the elements is called the 
law of combining weights, 

Proh. J. — The Concept and Law of Combining Weights. — a. Two 
oxides of sulfur are found by analysis to contain 50.05% and 40.04% 
sulfur. Derive from these analytical results two values for the com- 
bining weight of sulfur, and show that these values stand to one 
another in the ratio of small whole numbers, h. Derive a combining 
weight for iron from the fact that one of its oxides contains 30.06% of 
oxygen, c. Derive another value for the combining^ weight of iron 
from the fact that one of its sulfides contains 36.47% of sulfur, whose 
combining weight was found in a; and show that the two values of the 
combining weight of iron stand to each other in the ratio of small 
whole numbers. 

4. The Atomic Theory. — The fact that elements combine with 
one another only in the proportions of their combining weights or 
multiples of them originally suggested the following fimdamental 
atomic and molecular hypotheses: 

(i) The matter constituting each element is made up of extremely 
small particles, called atoms, which are alike m every respect, and 
which are not subdivided in ordinary chemical or physical changes; 
there being as many different kinds of atoms as there are elements. 

(2) The atoms associate with one another, usually in small numbers, 
forming a new order of distinct particles, called molecules. Pure sub- 
stances usually consist of only one kind of molecule, while mixtures 
always contain two or more kinds; and the molecules of elementary 
substances consist of atoms of the same kind, while those of compound 
substances consist of atoms of different kinds. 

By supplementing these hypotheses with certain other hypotheses, 
developing them to their logical conclusions, and applying these con- 
clusions to physical and chemical phenomena, many of the physical 
properties and chemical reactions of substances have been explained. 
Indeed, the adequacy of the fundamental hypotheses has now been 
confirmed in so many ways that there is no longer any doubt that 
substances are really made up of atoms and molecules of substantially 
the assumed character. 

These h)qx)theses and the conclusions drawn from them constitute 
the atomic and molecular theories; the former term being commonly 
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used when properties that axe more directly related to the characteris- 
tics of the atoms or to the atomic structure of the molecule are under 
consideration; the latter term when properties that are determined 
primarily by the characteristics of the molecule as a whole are being 
studied. 

A substance which contains only a single kind of molecule is called 
a chemical substance (or by some authors a molecular species). Pure 
substances normally consist of single chemical substances; but they 
may consist of two or more chemical substances which are capable of 
conversion into one another and which are always present in definite 
proportions at any given temperature and pressure in consequence of 
the rapid establishment of equilibrium between them. Thus, the 
pure substance liquid water contains the two chemical substances 
whose molecules are H2O and H4O8, these being always present in 
definite proportions at any given temperature and pressure, since 
equilibrium is almost instantaneously established between them; but 
the piu'e substance water-vapor at small pressures is a single chemical 
substance, for it contains only molecules of the form H2O. Pure 
substances which, like water, water-vapor; and ice, are converted into 
one another by changes of pressure and temperature, are commonly 
spoken of as the same substance; but they may consist of different 
chemical substances, as has just been illustrated. 

The relative weights of the atoms of the various elements and of the 
molecules of the various substances are called their atomic weights and 
molecular weights, respectively; and as a standard of reference, the 
weight of the oxygen atom taken as 16 is adopted. 

The atomic theory evidently requires that the weights of elements 
that combine with one another be proportional to the weights of their 
atoms or to multiples of those weights; in other words, that the atomic 
weights be equal to the combining weights or to multiples of them. 

6. Determination of Combining and Atomic Weights. — The 

determination of the atomic weight of an element involves two distinct 
steps: (i) the determination of its combining weight; and (2) the 
determination of that multiple of its combining weight which is its 
atomic weight. y 

The combining weight of an element is experimentally determined 
by preparing one of its compoimds or the elementary substance itself 
in a state of the highest possible piurity, and completely converting it 
into another pure substance, the other elements contained in the sub- 



THE ATOMIC THEORY 7 

stances .being of known combining weights. The quantities of the 
initial substance taken and of the final substance obtained are accu- 
rately weighed, and from the ratio of these weights the combining 
weight is calculated. For example, the combining weight of hydrogen 
has been determined by burning a weighed quantity of pure hydrogen 
gas with oxygen and weighing the water formed; also by finding 
the weight of the oxygen consimied. Values for the weight ratios 
Hs : HsO and H2 : were thus established, and from each of them the 
combining weight of hydrogen was computed. The following prob- 
lem illustrates the methods of determining combining weights in 
general, and it shows some of the fundamental determinations on 
which our present S3rstem of atomic weights is based. 

Proh. 2, — Determination of Combining Weights. — Determine the 
ezaxrt combining weights of silver, potassium, and chlorine from the 
following data: In a series of eight experiments 801.48 g. of pure 
potassium chlorate were ignited or treated with hydrochloric acid, 
3delding 487.66 g. of potassiimi chloride. In another series of five 
experiments 24.452 g. of pure potassium chloride were dissolved in 
water and precipitated with silver nitrate, whereby 47.013 g. of silver 
chloride were obtained. In a third series of ten experiments 82.669 g- 
of pure silver were dissolved in nitric acid and precipitated with hydro- 
chloric add, 3rielding 109.840 g. of silver chloride. 

Ans, Ag, 35.978 x\ CI, 11.825 y; K, 13.038 «; where x, y, and z are 
ratios of whole numbers not determinable by gravimetric methods. 

The multiple of the analyticaUy deter^nined combining weight 
which is the most probable atomic weight of each element was origi- 
nally derived for most of the elements from theoretical principles relat- 
ing to certain physical properties, especially the pressure-volume 
relations of gaseous compounds, the heat-capacities of the elementary 
substances in the solid and gaseous states, and the isomorphism of 
corresponding compounds of different elements in the crystalline 
state. The principles relating to the first two of these properties and 
their applications to atomic weight determinations are considered in 
Chapters 11 and IV. The system of atomic weights so derived finds 
its chief justification, however, in the fact that it has led to molecular 
formulas of chemical substances which represent their chemical 
behavior in a remarkably satisfactory manner. It has also led to the 
formulation of the periodic system of the elements, which affords a 
qualitative representation of many of the physical and chemical 
properties of elementary and compound substances as a progressively 
changing and periodically recurring function of the atomic weights. 
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6. Values of the Atomic Weights. — The existing data and all 
newly determined data relating to atomic weights are critically con- 
sidered at frequent intervals by an International Committee on 
Atomic Weights, and a table is published each year showing the most 
probable values. The following table contains the latest values 
adopted for the more important elements. The values are given to 
such a number of decimal places that the last one is probably in error 
by not more than one or two units. 

Values op the Atomic Weights 



Aluminum 


. . Al 


27.0 


Lead . . 


. . Pb 


207.20 


Antimony 


. . Sb 


120.2 


Lithium . 


. . Li 


6.94 


Argon . . 


. . A 


39.9 


Magnesium 


. . Mg 


24.32 


Areenic 


. . As 


74.96 


Manganese 


. . Mn 


54.93 


Barium .' 


. . Ba 


137-37 


Mercury 


. Hg 


200.6 


Beryllium 


. . Be 


9.1 


Neon 


. . Ne 


20.2 


Bismuth . . 


. Bi 


209.0 


Nickel . 


. . Ni 


58.68 


Boron . 


. . B 


10.9 


Nitrogen 


. . N 


14.008 


Bromine . . 


. . Br 


79.92 


Cfetygen . . 


. . 


16.00 


Cadmium 


. . Cd 


112.40 


Phosphorus 


. . P 


31.04 


Calcium . 


. Ca 


40.07 


Platinum 


. Pt 


195.2 


Carbon . . 


. C 


12.00S 


Potassium . 


. K 


39.10 


Chlorine . 


. CI 


35-46 


Radium 


. Ra 


226.0 


Chromium 


. Cr 


52.0 


Silicon . . 


. . Si 


28.1 


Cobalt . . 


. . Co 


58-97 


Silver . . 


. Ag 


107.88 


Copper . . 


. Cu 


63.57 


Sodium . . 


. Na 


23.00 


Fluorine . 


. F 


19.0 


Strontium . 


. Sr 


87.63 


Gold . . . 


Au 


197.2 


Sulfur . . 


. S 


32.06 


Helium 


. He 


4.00 


Thallium 


. Tl 


204.0 


Hydrogen 


. H 


1.008 


Tin . . 


. . Sn 


118.7 


Iodine 


. . I 


126.92 


Titanium 


. . Ti 


48.1 


Iron . . . 


. Fe 


55.84 


Zinc . . 


. . Zn 


65.37 



7. Chemical Formulas, Formula-Weights, and Equivalent-Weights. — 
In order to express the gravimetric composition of compounds, the 
symbols of the elements are considered to represent their atomic 
weights and are written in sequence with such integers as subscripts 
as will make the resulting formula express the proportions by weight 
of the elements in the compound. 

The formula is commonly so written as to represent also the number 
of atoms of each element present in the molecule. 

The formula represents, in addition, a definite weight of the substance, 
namely the weight in grams which is equal to the sum of the numbers 
represented by the symbols of the elements in the formulas. This 
weight is called the formtda-weight of the substance. Thus the formula 
HNOs denotes 1.008+ 14.01 +(3X16.00) or 63.02 grams of nitric acid. 
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Those weights of various substances which enter into chemical 
reactions with one another are called equhaleni-weights. Adopting 
one formula-weight or 1.008 grams of the element hydrogen as the 
standard of reference, the equivalent-weight or one equivalent of any 
substance is defined to be that weight of it which reacts with this 
standard weight of hydrogen, or with that weight of any other sub- 
stance which itself reacts with this standard weight of hydrogen. 
Thus the equivalent-weight of each of the following substances is 
that fraction of its formula-weight which is indicated by the coeflScient 
preceding the formula: JCfe; i02; lAg; JZn; |Bi; iNaOH; jBa(0H)2; 
iHjS04; iHgP04; fAlCU; iK4Fe(CN)6. The equivalent-weight of a 
substance may have different values depending on whether it is 
considered with reference to a reaction of metathesis or to one of 
oxidation and reduction. Thus, the metathetical equivalent of ferric 
chloride is JFeCU, but its oxidation-equivalent (with respect to its 
conversion to ferrous chloride) is iFeCU; the metathetical equivalent of 
potassimn chlorate is iKClOs, but its oxidation-equivalent (with 
reference to its reduction to KCl) is ^KClOs. 



CHAPTER n 

THE MOLAL PROPERTIES OF GASES AND THE MOLEC- 
ULAR AND KINETIC THEORIES 



I. THE VOLUME OF GASES IN RELATION TO PRESSURE, TEMPERATURE, 

AND MOLAL COMPOSITION 

8. The Volume of Perfect Gases in Relation to Pressure and 
Temperature. — Properties whose magnitudes are determined pri- 
marily by the number, and not by the nature, of the molecules present 
are called molal properties. The properties of this kind exhibited by 
gasRVe considereil in this chapter. 

The prooerties of gases, in general, conform more and more closely 
to certain lilniting laws, known as the laws of perfect gases, as their 
pressure approaches' zero. The principles relating to the effects of 
pressure and temperature on the volume of perfect gases will be first 
considered. 

At any definite temperature the pressure ^ of a definite weight m 
of any perfect gas is inversely proportional to its volume v; or its 
pressure-volume product pv is independent of its pressure or volume. 
Since density {d) is defined to be the ratio {m/v) of the weight of a sub- 
stance to its volume, this law may alscj^be stated as follows: At any 
definite temperature the density of any defi^te perfect gas is propor- 
tional to its pressure. This principle is known as Boyle's law. j 

The pressure-volume product increases with rise in temperature by 
the same fractional amoimt for differei^ perfect gases when they are 
heated from the same initial to the same final temper^jAire. For ex- 
ample, the pressure-volume product increases by 36.6i2percent of its 
value at o° when the temperature becomes loo**, whatever be the nature 
of the perfect gas. This law is known as the law of temperalure'ejffed. 
It is mathematically expressed by the equation ^t%— ^iVi)/(piZ'i) = 
f (^1, fe), where f(/i, 1%) denotes the same function of the temperatures h 
and k whatever be the nature of the perfect gas. 

The form of the functional relation between the pressure-volume 

product and the temperature evidently depends on the definition of 

temperature adopted; and this relation assumes the simplest form 

when the concept of absolute temperature is employed. For absolute 
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tenq>erature is so defined that it is direcUy proportional to the pressure- 
volume product of a perfect gas; that is, it is defined by the equation 
T/To=-{pv)/lP(iDi,), where PoTo is the value of pv at any specified 
temperature To, which for definiteaess may here be taken as that of 
ice when melting under a pressure of one atmosphere. The value of 
To is dependent on the temperature-scale adopted. We may deter- 
mine its value on the centigrade scale from the following considera- 
tions. This scale is based on the convention that there shall be a 
difference of loo degrees between the temperature of melting ice and 
the temperature of boiling vn ' ' ' 

atmosphere. Now by writir 
(T-Tt)/To-Qn)-p,lDo)/pdi>o, 
loo and for the second men 
preceding paragraph, we find 1 
of melting ice at a pressure of 
Since this temperature is cal 
and since this scale, like the a 
of proportionality between ia 
in the pressure-volume produc 

temperature T is always equal to the ordinary centigrade temperature 
t increased by 273.14, or approximately 273; black-face type being 
used here and throughout the book to show approximate values, 
given with an accuracy of o.i — 0.2 percent, of fundamental con- 
stants which it is well to ri 
The laws^ above stiyidfl^ke definition of absolute temperature, and 



well to rernl 
rtionahtybe 



the obvimfiroportionahty between the value of the pressure-volume 
product_^a the wught m of the gas are all expressed by the equation 
p V "TnRT, in which K is a sa^Cant, evidently representing the value 



fA p v/T iot^^to^Xa of the gas) which has different values for different 



gases.\ 



Pt(^ I. — Derivation from Experimeitlal Data of p v/T for One Gram 
(^ Carbon DiiijK^' — a. Fromthefact that the density of carbon dioxjde 
is o.ooi976j(P^r com. at 0° and 1 atm., calculate the exact value of 
^p/^ under these conditions for one gram of the gas. b. Taking into 
account the fact that at this temperature aad pressure the density has 
been found, by extrapolating from a series of measurements made at 
pressures between o.i and i atm., to be 0.68% greater than that re- 
quired by_the perfect -gas law, calculate for this gas the value of the 
constant R, the pressure being expressed in atmospheres and the volume 
in cubic centimeters. Atu. b, 1.8649. 
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9. Law of Combining Volumes and tlie Principle of Avogadio. — 

The foregoing physical laws acquire an impprtant chemical significance 
by reason of the law of combining volumesy which may be stated as 
follows: Those quantities of perfect gases that are involved in chem- 
ical reactions with one another have, at the same temperature and 
pressure volumes, which are equal or small multiples of one another. 
Thus the quantities of hydrogen and of oxygen which unite with each 
other to form water have volumes whose ratio approaches the exact 
value 2: 1 as the pressure of the gases approaches zero. In other 
words, those quantities of different substances which as perfect gases 
have the same value of the product pv/T are equal to, or are small 
multiples of, the quantities which are involved in chemical reactions 
with one another. Now, since according to the molecular theory 
substances react by molecules, these quantities of different perfect 
gases which have the same value oijpv/T must contain either an equal 
number of molecules or small multiples of an equal number. 

These, considerations suggest a simpler principle, known as the 
principle of Avogadro, which may be stated as follows: Thoser quanti- 
ties of different perfect gases which have the same volume at the same 
temperature and pressure, and therefore the same value olpv/T at any 
temperature and pressure, contain an equal number of molecules. 
The densities of different perfect gases at the same temperature and 
pressure are therefore proportional to the weights of their molecules. 

This principle, originally hypothetical, has now been so fully verified 
that it has become one of the fundamental laws of chemistry. 

10. Empirical Definition of Molecular Weight and of Mol. — The 
principle of Avogadro evidently enables the relative weights of the 
molecules of different gaseous substances to be determined. To ex- 
press these relative weights more definitely, the ratio of the we^ht of 
the molecule of any substance to the weight of the molecule of oxygen 
taken as 32 is commonly considered, this ratio being called the molecu- 
lar weight M of the substance. The number 32 is adopted as the refer- 
ence quantity of oxygen, since (as shown in Prob. 15) it corresponds 
to the adoption of 16 as the atomic weight of oxygen. 

The so-defined molecular weight of a substance may* evidently be 
experimentally determined by finding the number of grams of it which 
have that value oi pv/T which 32 grams of oxygen have, when both 
substances are in the state of perfect gases. This number of grams is 
called ane mol or one molal weight of the substance. 
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The mol is a unit of great importance\in chemical considerations^ 
both because it is directly related to molecular weight and because 
it makes possible a general expression of the laws of perfect gases. 

11. General B^ression of the Laws of Perfect Gases. — Repre- 
salting by R the constant value of pv/T for one mol and by N the 
number of mols of the gas present, the laws of perfect gases may be 
expressed in a general form by the following equation, hereafter called 
the perfec^gas equation: 

pv^NRT. 

The numerical value of the gas-constant R depends on the units 
in which the pressure, volume, and temperature are expressed. In 
scientific work, temperature is always expressed ia centigrade degrees 
(here on the absolute scale); volume is ordinarily expressed in cubic 
centimeters or liters; and pressure, in dynes per square centimeter, 
millimeters of mercury, or atmospheres. One dyne is a force of such 
magnitude that when it acts on a freely moving mass of one gram it 
increases its velocity each second by one centimeter per second; and 
the pressure of one dyne per square centimeter is called one har, 10^ 
bars being called one megabar. One atmosphere is a pressure equal 
to that exerted by a column of mercury 78 cm. in height at o** at the 
sea-levd in a latitude of 45% The value of the gas-constant R when 
the pressure is in atmospheres and the volume is in cubic centimeters 
is 82.07 (approximately 82)» Its value when the pressure is in dynes 
per square centimeter and the volume is in cubic centimeters is 
8.316X10^ ergs per degree. Its value will later be shown to be 1.986 
calories per degree. 

^ ProK 2. — Value cf the Atmosphere. — Calculate the value of the 
atmosphere in dynes per sqcm. and in megabars. The density of 
mercury at 0° is 18.60. The force of gravity acting on any freely 
moving body increases its velocity each second by g centimeters per 
second. . The value of g at the sea-level in a latitude of 45° is 980.6 
(980) centimeters per second. Ans. 1.013X10* dynes per sqcm. 

Prob, J. — Calculatidn of the Gas-Constant. — a. Calculate precisely 
the value of the gas-constant R when the pressure is in atmospheres 
and the volume in cubic centinjieters, from the fact that one gram of 
oxygen has a volume of 7005 ccm. at o^ and o.i atm., under which 
conditions oxygen does not deviate appreciably from the perfect- 
gas law. b. Calculate also the value of R when the pressure is in 
d3mes per square centimeter, and the volume is in cubic centimeters. 
c. Calculate the volume of one mol of a perfect gas at 20° and i atm. 
Ans, c, 24060 ccm. (approximately 24 1.) 



^< 
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Applications of the Perfect-Cos Laws, — 

Note. — In the following problems, and in general throughout the 
book, assume, unless otherwise indicated, as an approximation sufficient 
for many purposes, that gases at pressures not exceeding i atm. con- 
form to Uie perfect-gas equation. 
x^ Prob, 4, — Seven grams of a certain gas have a volume of 6.35 1. at 
^ 20^ and 720 nmi. How many grams make one mol? 

Prob, 5. — a. What is the volume occupied by 12 g. of ether vapor 

[C4H10O) at 80** and 600 mm.? b. What is the density? c. What is 

the ratio of the density to that of oxygen at the same temperature and 

pressure? 

%C Prob. 6. — How many grams of iron must be taken to produce by its 

* action on sulfiuic add one liter of hydrogen (Ha) at 27^ and i atm.? 

It will be seen in Art. 12 that,, though air is a mixture, it has in 
different localities a fairly constant composition and that the pres- 
sures of its separate constituents are determined by the perfect-gas 
laws. The pressure of the air as a whole, and its pressure-volume- 
temperature relations in general, can therefore be simply computed 
with the aid of the perfect-gas equation by regarding air as a single 
substance having a molal weight equal to the number of grams of air 
which have the same value of p v/T as 32 grams of oxygen. The so- 
defined molal weight of air is computed from the most accurate density 
determinations to be 28.98 (approximately 29). 

Prob. 7. — Calculation of the Molal Weight of Air. — Calculate the 
molal weight of pure dry air from the fact that its density is 0.0012930 
at o® under a pressure of 760 mm. of mercury at sea-level in latitude 45°. 

12. Dalton's Law of Partial Pressures. — The (total) pressure p 
of a mixture of substances in the gaseous state is evidently the sum 
of the pressures ^1, ^ ... of the separate substances. That is, 
P -#i + p2+.,. The pressure$ of the separate substances are called 
the partial pressures. 

Partial pressures in the case of perfect gases may be calculated as 
described below. They cannot be directly measured, except in cases 
where a semipermeable waU^ that is, a wall permeable for only one of 
the substances present in the gas mixture, can be found. Thus, when 
a platinum vessel containing a mixture of hydrogen and nitrogen at 
a high temperature is immersed in an atmosphere of hydrogen, hydro- 
gen passes through the platinum walls imtil its pressures within and 
without the vessel become equal; the difference then observed between 
the total pressure of the mixture within the vessel and the pressure 
of the hydrogen outside is due to the nitrogen, which does not pass 
through the waU; and this difference is equal to its partial pressure. 
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The pressure of a mixture of substances in the state of a perfect gas 
is found to be equal to the sum of the partial pressures calculated by 
the principle that each chemical substance (defined as in Art. 4 to be 
a substance consisting of molecules of one particular kind) has the 
same pressure as it would if it were alone present in the volume occu- 
pied by the mixttlre. This principle, which b of great importance in 
chemical considerations, is known as Dalton^s law of partial pressures, 
r^Jn accordance with this law and the perfect-gas law, the partial 
/pressures of the separate substances are evidently given by the expres- 
^sions, pi = NiRT/v, p2 = N%RT/v, . . . where iVi, N%... represent 
jthe number of mols of the respective substances; and the partial 
/pressure of any of the substances is evidently equal to the total pres- 
(sure of the gas multiplied by the ratio of the number of mols of that 
I substance to the total number of mols in the mixture. This ratio is 
I commonly called the moUfr action (x) of that substance. That is, 
Ths'^ ^1, where xi = Ni/{ Ni'{'N%+ . ..). ■ 

Air affords an important example of these considerations. Pure 
dry air has at different times and places a fairly constant composition; 
namely, it contains approximately 21.0 mol-percent of oxygen (02)1 
78.0 mol-percent of nitrogen (Na), 0.94 mol-percent of argon (A), and 
0.03 mol-percent of carbon dioxide (CO2), and, in accordance with 
Dalton's law, the partial pressures of these four substances in air are 
21.0, 78.0, 0.94, and 0.03 percent, respectively, of the total pressure 
of the air. As will be shown later, it is these partial pressures, not the 
total pressure of the air, which determine the quantities of the respec- 
tive substances which dissolve in water when it is shaken with air, 
and it is the paiiial pressure of the oxygen which detern[iines the 
equilibria of oxidation reactions taking place in air. 

Applications oj the Law 0} Partial Pressures, — 

Proh. 8, — A Bessemer converter is charged with loooo kg. of iron 
containing 3% of carbon, a. How many cubic meters of air at 27** and 
I atm. are needed for the combustion of all the carbon, assimiing one 
third to biim to CO^ and two thirds to CO? b. What are the partial 
pressures of the gases evolved? Ans, a, 1950 cubic meters. 

Prob. g, — In making sulfur dioxide for use in the contact process 
of manufacturing sulfur trioxide, 30 kg. of sulfur are charged into 
each burner per hour, and such an excess of air is introduced (to insure 
complete combustion) as to produce a gas mixture containing 10 mol- 
percent of oxygen. How many cubic meters of air at 20° and i atm. 
must be introduced per hour? Ans, 205 cubic meters. 
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Determination of the Dissociation of Gases by Density Measurements. — 
Prob. 10. — A certain fraction y (or a certain percentage loo y) of 
gaseous nitrogen tetroxide is dissociated according to the reaction 
N1O4 = 2NQj at any definite pressure p and temperature T. a. Fiild an 
expression for the total number of mols i (of N2O4 and NQj) that result 
under these conditions from one formula-weight M (92 g.) of nitrogen 
tetroxide taken, b. Find an expression for the volume v that would be 
occupied by one formula-weight of the nitrogen tetroxide at the pres- 
sure p and temperature T. c. Find a corresponding expression for the 
density d of the vapor. Ans. d=^Mp/{iRT). 

Prob. II. — Calculate the dissociation of nitrogen tetroxide at 50® and 
500 mm. from the following data: a balloon fiUed with it at this tempera- 
ture and pressure weighs 71.981 g.;/the same balloon when evacuated 
weighs 71.217 g., and when filled at 25^ with water (whose density at 
25** is 0.997) weighs 555.9 g. Ans. 45%. 

13. Determination ^^f Molecular Weights. — The (experimental 
determination of the mol^ular weight of a gaseous subst^ce consists 
in measuring the volume ofNa weighed quantity of the substance at an 
observed pressure and teippeiature. From these quantities (r, w, ^, 
and T) the molecular weight of the substance is calculated with the 
aid of the perfect-gas equation. I 

Prob. 12. — Experimental Determination of Vapor-Density by Hof- 
mann's Method. — 0.1035 g. of a volatile liquid is introduced into the 
vacuiun above a mercury column in a graduated tube standing in an 
open vessel of mercury. The tube is entirely surrounded by a jacket 
through which steam at 100^ is passed. The mercury colunm falls 
till it stands 260 mm. above the mercury-level in the vessel below, and 
the volume of the completely vaporized liquid is observed to be 63.0 
ccm. The barometric pressure at the time is 752 mm. At 100® the 
density of mercury is 13.35, and its vapor-pressure is negligible. Make 
a sketch showing the apparatus; and calculate the density and molecu- 
lar weight of the vapor. Ans. d— 0.00164$; ^ = 76.8. 

Prob. I J. — Experimental Determination of Molec^ar Weight by the 
Air-Displacement Method of Victor Meyer. — A cylindrical bulb pro- 
vided with a long stem is fiUed with dry air; and it is heated, while 
still open to the atmosphere, to a constant temperature (of about 218°) 
within a jacket filled with vapor of boiling naphthalene. The stem, 
which protrudes above the vapor jacket, has a side-arm which delivers 
into a graduated tube filled with water and inverted over water, so 
that the air to be later expelled from the bulb can be collected and 
measured. A tiny glass bottle containing 0.2210 g. of a volatile liquid 
substance is dropped into the heated bulb, and at the same moment 
the bulb is cut off from communication with the atmosphere by closing 
the top of the stem. The liquid rapidly vaporizes and drives out of 
the bulb a volume of air equal to the volume occupied by the vapor 
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of the aubstance, the pressure being always that of the atmosphere. 
This air collected in the measuring apparatus is found to have a volume 
of 24.65 can. at 22^ under the barometric pressure of 752 mm.; but of 
this pressure 20 mm. is due to the pressure of water vapor. M^Jce a 
sketch showing the apparatus; and calculate, a, the number of mols of 
air expelledf and h, the molecular weight of the vaporized substance. 
Ans. a, 0.00098^1^, 225. 

Since gases at atmospheric pressure conform to the perfect-gas laws 
only approximately, and since gaseous densities are not commonly 
determined with so great accuracy as the composition of substances, 
the exact value of the molecular weight of a compound is usually 
derived from the gravimetric composition, the density being employed 
only to determine what multiple or submultiple of the value so derived 
is in accordance with Avogadro's principle. 

Prob. 14, — Eauid Evaluation of Molecular Weights, — a. A certain 
oxide contains exactly 72.73% of oxygen. What does this show in 
regard to its molecular weight? b. At o^ and i atm., one liter of this 
(gaseous) oxide is found to weigh exactly 1.977 S- What is the mo- 
lecular weight of the oxide corresponding to this datum? c. What 
is the exact molecular weight derived by considering the data relating 
both to the composition and density? d. What do these two values 
of the molecular weight show as to the percentage deviation of the 
density from that which is required by the perfect-gas equation? 
Ans. d, 0.68%. 

14. Derivation of the Atomic Weights of Elements and of the 
Molecular Composition of Compounds. — The exact values of atomic 
weights are based on analytical determinations of the combining 
weights, as described in Art. 5. The multiple of the combining weight 
adopted as the atomic weight of any element is derived by finding the 
smallest weight of the element contained in one molecular weight of 
any of its gaseous compoimds. This is the true atomic weight only in 
case some one of the compounds studied contains in its molecule a 
single atom of the element; and the adopted atomic weight is therefore 
strictly only a maximum value, of which the true atomic weight may 
be a submultiple. The probability that the true atomic weight has 
been foimd evidently increases with the number of the gaseous com- 
poimds whose molecular weights have been determined. 

The multiples of the combining weights adopted as the atomic 
weights have, however, not been derived solely from molecular-weight 
determinations. From the laws relating to certain other properties, 
mentioned in. Art. 5, independent values of the atomic weights have 
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been obtained, which confirm and extend those derived from molecular 
weights. 

The molecular composition of a gaseous substance (that is, the 
number and nature of the atoms in its molecule) can evidently be de- 
rived from its molecular weight, its composition by weight, and the 
atomic weights of the elements contained in it. The chemical formu- 
las of substances whose molecular weights in the gaseous state are 
known are ordinarily so written as to express this molecular com- 
position. Such formulas are called molecular formulas. 

Derivation of Atomic Weights and Molecular Formulas. — 

Proh. IS' — Certain compounds have molecular weights M (referred to 
that of oxygen as 32) and percentages of oxygen x as follows: Sulfur tri- 
oxide, M =80.07, x = 59.95; water, M = 18.02, « =88.80; carbon dioxide, 
M =44.00, » = 72.73. a. Find the weight of oxygen contained in one 
molecular weight of each of these oxides, b. What conclusion as to 
the atomic weight of the element oxygen can be drawn from these 
results (which are based on the convention that the molecular weight 
of oxygen gas is 32)? c. What does this show as to the number of 
atoms in the molecule of oxygen gas? 

Prob, 16. — a. Calculate the combining weight of the element con- 
tained in the oxide whose composition was given in Prob. 14a. 
b. What conclusion as to its atomic weight can be drawn from this 
combining weight and the density given in Prob. 14b? c. What con- 
clusion can be drawn as to the molecular formula of the oxide? 

/Vc6. 17, — a. The chloride of a certain element is found by analysis 
to contain 52.50% of chlorine, whose atomic weight is 35.46; and it is 
found to have at 150** a vapor-density 4.71 as great as that of air at the 
same temperature and pressure. What conclusion can be drawn from 
these facts as to the exact atomic weight of the element? b. The 
hydride of the same element is a gas which contains 5.91% of hydrogen; 
and it is found to be produced without change in volume when hydrogen 
(Hs), whose atomic weight is 1.008, is passed over the solid elementary 
substance. What conclusion can now be drawn as to the atomic 
weight of the element? c. What are the simplest molecular formulas 
of the hydride and of the chloride consistent with these conclusions? 

Prob, 18. — A certain hydrocarbon is composed of 92.25% of carbon 
and 7.75% of hydrogen, whose atomic weights are 12.00 and 1,008, 
respectively. Its density when in the form of vapor at 100° and i atm. 
is 2.47 times as great as that of oxygen under the same conditions. 
Calculate its exact molecular weight, and derive its molecular formula. 

The molecules of elementary substances may consist of single 
atoms or of two or more atoms. Thus the molecular formulas of 
some of those whose density in the gaseous state has been determined 
are: H2, N2, Qs, F2, CU, Br2, I2, P4, AS4, He, Ne, A, Hg, Cd, Zn, Na, K. 
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At very high temperatures some of these have been shown to dissociate 
into simpler molecules; thus above 1500^ the molecule of iodine con- 
- sists of a single atom. 

A knowledge of the molecular formulas of substances is of impor- 
tance principally because the chemical relationships of different sub- 
stances are far more clearly brought out by such formulas than by 
the simpler ones expressing merely composition by weight. The 
structiire theory, which underlies the science of organic chemistry, 
is based upon a knowledge of the molecular weights of substances. 

16. Deviations from the Perfect-Gas Laws at Moderate Pres- 
sures. — The deviations from the perfect-gas law, so long as they do 
not exceed a few percent, are almost exactly proportional to the 
pressure. This fact is expressed by the following equation, which 
will be called the ^05 equation at moderate pressures: 

pv^NRTii+ap). 

In this equation the coefficient o^eyidently represents the fractional 
deviation at unit-pressure of the actual value oi pv from that required 
by the perfect-gas law. The value of a varies with the nature of the 
gas, and for a given gas with the temperature. 

The following table shows the values of the percentage deviation 
(100 a) of pv from NRT at one atmosphere for various gases at o**, 
together with their condensation-temperatures at one atmosphere. 

Deviations at Moderate Pressures 

Formula of gas He H, N, NO C0« NHi SO, 

Percentage deviation -ho.o6 -ho.05 —0.04 —0.12 —0.68 —1.52 —2.38 
Condensation-temp. -269** —253° —196** -151'' -78** —34® —10** 

Prob. /p. — Calculation of the Deviation-Coefficient. — a. Calculate 
the value of the deviation coefficient a for nitrous oxide (NtO) at 0° from 
the fact that its density at 0° and i atm. is 0.001978 g. per ccm. b. 
State what percentage error would be made in calculating by the perfect- 
gas equation the volume of this gas at 0° and 3 atm. Ans. a, —0.0073. 

16. Pressure-Volume Relations of Gases at High Pressures. — In 

the figure are plotted the values of pv/T in atmospheres and cubic 
centimeters as ordinates against the values of the pressure in atmos- 
pheres as abscissas for one mol of hydrogen at 0°, of nitrogen at 0°, of 
carbon dioxide at 60** and at 40°, and of a perfect gas (marked P. G. 
in the figure). At temperatures between 0° and 60**, helium (He) and 
neon (Ne) have curves similar to that of hydrogen (H2); oxygen (Qs), 
carbrm monoxide (CO), and nitric oxide (NO) have ciurves similar 
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to that of nitrogen; and nitrous oxide (N2O), ammonia (NHa), and 
ethylene (CSH4) have curves similar to those of carbon dioxide (CQs). 
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Pressure-Volume Relations of Gases at High Pressures. — 

Prob. 20. — Estimate with the aid of the figure the percentage 
amount by which at 60 atm. the volume of Hj at o**, of N2 at o**, and 
of CO2 at 40° and at 60° deviates from that of a perfect gas. 

Prob. 21. — Summarize the general conclusions in regard to the 
pressure-volume relations of gases that can be drawn from the curves 
of the figure, from the statements in the preceding text, and from the 
condensation-temperatures given in Art. 15. 

Prob, 22. — Determine from the figure how many kilograhis of COi 
can be charged into a 15-liter steel tank which will safely withstand a 
pressure, a, of 50 atm.; 6, of 100 atm.; c, of 150 atm. Assume ^ni^t the 
tank might be exposed (under a summer sun) to a temperature al^high 
as 40°. Ans, a, 1.7; 6, 9.6; c, 11.5. \ 
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The pressure-volume-temperature relations of gases are dosely 
represented up to moderately high pressures by the following expres- 
sions, known as the van der Waals equation, in which a and h are 
constants (with respect to changes of volume, pressure, and tempera- 
ture) varying with the nature of the gas: 

(p+^^iv-Nh) =NRT; or for one mol, (j>'{'~^{v'-b) = RT. 

With reference to the volume occurring in the second of these ex- 
pressions, it may be noted that, in general, quantities referred to one 
mol are called molal quantities, and those referred to one gram specific 
quantities; and that in this book the former are designated by a wavy 
line, and the latter by a straight line, above the symbol of the quantity. 
Thus, V denotes the molal volume, the volume of one mol, and v 
denotes the specific volume, the volume of one gram, of substance. 
The term specific is also applied to quantities which are referred to 
unit-values of other determining factors such as the volume, length, 
or cross-section; thus specific resistance denotes the electrical resist- 
ance of a mass of the substance one centimeter long and one square 
centimeter in cross-section. 

" The applicability of this equation and its theoretical significance are 
discussed in Art. 20. 

Any equation which, like the van der Waals equation, the perfect- 
gas equation, or the gas equation at moderate pressures, expresses the 
relation between the volume, pressure, and temperature of a sub- 
stance within a certain range of conditions is called the equation of 
state of the substance under those conditions. 
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n. THE KINETIC THEORY 

17. The Fundamental Kinetic Hypotheses. — The molecular 
theory has, with the aid of certain h3rpotheses in regard to the motion of 
molecules, been developed into a body of principles, collectively known 
as the kinetic theory, /The two most fundamental of these hypotheses, 
which express from a molecular viewpoint the nature of pressure and 
of temperature, respectively, are as follows: 

The molecules of gaseous or liquid subs^nces are continually in 
motion in all directions, the motions taking place in accordance with 
the ordinary laws of mechanics. The molecules are constantly collid- 
ing with one another and with the walls of the containing vessel; but 
no loss of kinetic energy results from these collisions. The pressure of 
the substance on the walls is the integrated effect of the impacts of its 
molecules. This may be called the kinetic pressure hypothesis. 

At the same temperature the molecules of different fluid (that is, 
gaseous or liquid) substances have the same kinetic energies, whatever 
be the masses of their molecules or the pressure or volume of the 
substance; that is, for two different substances at the same tempera- 
ture, \fn\U^-\miufy where mi and in% represent the masses of the 
two kinds of molecules, and u\ and u% their velocities. The kinetic 
energy of the molecules increases with the temperature, and it is 
determined solely by it. Mathematically expressed, \fnu^^l{T)^ 
where f(r) is a function which is identical for all fluid substances. 
This maype called the kinetic temperature hypothesis. 

18. The Kinetic Equation for Perfect Gases. — From the kinetic 
pressure hypothesis may readily be derived an expression in terms of 
the molecular quantities for the pressure-volume product of a perfect 
gas, as shown in the following problem. In this derivation two 
simplifying assumptions, admissible in the case of a perfect gas, are 
made; namely, that the volume of the molecules is negligible in com- 
parison with the volume of the gas, and that any force of attraction 
between the molecules is negligible because of the relatively large 
mean distances between them. This expression is: 

' pv=\nmi/^. 

In this equation n denotes the number of molecules in the volume v 
of the gas at the pressure p, m the mass of a single molecule, and u 
the velocity of the molecules. It may be called the kinetic equation 
for perfect gases. 
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Proh. 23, — Derivatian of the Kinetic Equation. — A volume tF of a 
perfect gas is contained in a cubical vessel whose edges have the length 
I. The gas consists of n molecules, each of mass m. Consider that 
all the molecules are moving with the same velocity, m, and that the 
motions of these molecules, which in reality take place in all directions, 
are resolved in the three directions perpendicular to the faces of the 
cube, which is equivalent to assuming that one third of all the molecules 
is moving in each of these directions, a. Find the nimiber of impacts 
which any one molecule makes on the opposite faces in a unit of time. 
b. Find the total nimiber of impacts which all the molecules make on 
all the faces in a unit of time, c. Show that the nimiber of impacts 
which the molecules make on a unit of surface in a imit of time is inu/v. 
d. Find the change of momentum which attends each impact, taking 
account of the fact that the molecule reboimds from the wall with a 
velocity equal to that with which it strikes it. e. Find the change of 
momentum of aU the molecules that strike a unit of surface in a unit of 
time. /. Noting that this, in accordance with the general equation 
of mechamcsf=*m{du/dt), is equal to the force (/) exerted on the imit 
of surface or to the pressure, show that the pressure-volume product 
is expressed by the equation pv^\nmt^. 

The derivation given in the preceding problem is not conclusive, 
since it involves an assumption as to the directions of motion of the 
molecules; but a rigorous analysis leads to the same kinetic equation. 
It is important to note, however, on account of its bearing on certain 
surface phenomena, that the rigorous treatment, which takes into 
account the fact that molecules approach the surface not only normally 
but obliquely in all directions, leads to the conclusion that the actual 
number of impacts made by all the molecules on unit-surface in unit- 
time is larger than that derived above; this actual number being 
given by the expression 0.23 ««/r, instead of by inu/v. 

From the kinetic equation Boyle's law may be inmiediately de- 
duced. For, since a change only in the volume of the gas will not 
cause a variation in the number of molecules n (unless they are thereby 
caused to associate or dissociate), and since the kinetic energies 
imu^ of the separate molecules will remain constant, in accordance 
with the kinetic temperature hypothesis, so long as the temperature 
remains unchanged, it follows that also the product p v will undergo 
no change when the volume is varied at a constant temperature. 

The law of temperature-efiFect is also a consequence of the kinetic 
equation; for any definite cnange in temperature must evidently 
cause the same change in the pressure-volume product of different gases, 
since it causes the same change in the kinetic energy of their molecules. 
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The prindple of Avogadro also is readfly derived from the kinetic 
equation for perfect gases and from the kinetic temperature hypothesis. 
Thus, for two perfect gases with equal pressure-volume products, 
piVi^piV2, and therefore i»iWiWi^=J«2W2«2^; and for the case that 
they have also equal temperatures, \miu^ -\nwf) whence follows 
«i =«2. That is, those quantities of different perfect gases which at 
any definite temperature have equal pressure-volume products consist 
of an equal number of molecules. 

Certain principles relating to the velocity of the molecules, and even 
the exact absolute values of their velocities, can be derived from the 
kinetic equation in the ways illustrated by the following problems. 

Velocity of the Molecules. — 

Prob. 24. — a. Show how the velocities of the molecules of different 
gases at the same temperature are related to the molecular weights of 
the gases; illustrating by hydrogen and oxygen, h. Show how the 
velocities of the molecules of the same gas at different temperatures are 
related to those temperatures; illustrating by oxygen at o** and 100®. 

Proh. 25. — Calculate the velocity of the molecules of oxygen at 20** 
in kilometers and in miles per second. Ans. 0.478 km.; 0.36 mile. 

19. The Kinetic Energy of the Molecules and tiie Avogadro Num- 
ber. — An expression may be readily derived for the kinetic energy 
K due to the translatory motion of the n molecules present in any 
mass of a perfect gas. Namely, for this kinetic energy, which is 
obviously equal to \nmu^^ the following expression is obtained at once 
by combining the kinetic equation for perfect gases, pv ^^nmu^, with 
the perfect-gas equation, pv = NRT: , 

K^^nmu^^^NRT. 

From this equation the increase dK/dT of the kinetic energy of the 
molecules in one mol of gas per degree of temperature is seen to be f -R, 
which is readily shown to have the value 12.474 ergs or 2.978 (ap- 
proximately 2.98) calories. 

Prob. 26. — Kinetic Energy of the Molecules. — a. Calculate the 
translatory kinetic energy in ergs and calories of the molecules in one 
mol of a perfect gas at 20°. b. Show that the increase in this kinetic 
energy per degree is 2.98 cal. Note that i cal. equals 4.182X10^ ergia. 

The corresponding expression for the kinetic energy of a single 
molecule evidently is: 

i« 5k ^T o RT 
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The quantity n/ N, which represents the number of molecules in 
one mol of any substance (for example, in 2.015 grams of hydrogen or 
32.00 grams of oxygen), is a fundamental constant known as the 
Avogadro number (fi). Its value has been recently determined by 
a variety of independent methods. The most probable value is 
6.06X10^. 

The above derived expression for ^mu^ is the general form, holding 
true for all fluid substances, of the functional relation between tem- 
perature and kinetic energy of the separate molecules, which is postu- 
lated in the kinetic temperature hypothesis. For, since according to 
that hypothesis this kinetic energy is the same function of the tempera- 
ture for all fluid substances, and since it has been shown to be pro- 
portional to the absolute temperature for a perfect gas, it follows that 
it is proportional to the absolute temperature for all fluid substances.* 
In other words, the mathematical expression of the kinetic tempera^ 
ture h3qx)thesis, which was given in the indefinite form ^u^=i(T)y 
may now be written in the definite form ^mu^^ikT] where k is 
a constant (equal to R/n) with respect to any variation whatsoever 
of the nature or state of the fluid substance. The value of the 
fundamental constant k is readily calculated from the previously 
given values of R and 5, and is thus found to be 1.372 Xio""^* ergs 

per degree. 

• 

Prob. 27. — The Number and the Mass of the Molecules, — a. Show 
that the number of molecules in i c'cm. of a perfect gas at 20^ and i atm. 
is 2.51 X 10^*. b. Calculate the mass of one molecule of hydrogen, and 
that of one atom of chlorine. 

20. The Kinetic Equation for Imperfect Gases. — As the pressure 
of a gas increases, the two effects that were neglected in the deriva- 
tion of the kinetic equation for perfect gases (Art. 18) must be taken 
into account; namely, the effect of the volume occupied by the mole- 
cules themselves, and the effect of forces of attraction between the 
molecules. These influences affect respectively the two factors in- 
volved in the derivation of the equation — the number of impacts on 
the unit of surface in the unit of time, and the force corresponding to 
each impact. For the number of impacts made by a row of molecules 
moving between the opposite faces of the cube will evidently be 
increased when the distance which the molecules have to traverse 
becomes appreciably shortened by collisions between them. And the 
force produced by the impact of each molecule will evidently be 
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diminished if, as it approaches the waU, it is appreciably attracted 
by the molecules behind it so that it strikes the wall with a smaller 
momentum. 

*The correction to be applied to the kinetic equation for perfect 
gases for the volume of the molecules may be derived by considering 
the number and character of the collisions (whether head-on, glancing, 
or tangential) and the shortening of the path by each type of collision, 
and by integrating the separate effects. It is evident that the resultant 
effect will be dependent on the size of the molecules; and under certain 
simplifying assumptions it can be shown, if the volume of one mole- 
cule be represented by ^, that the distance between the opposite faces 
of the cube actually traversed by the molecules is reduced in conse- 
quence of the collisions from / to / (v— 4«0)/r. The number of im- 
pacts by all the molecules on unit-surface in unit-time is iacreased in 
the same proportion, namely, 

from— (as found in Prob. 23c) to 



6v • o / 6(r— 4«0) 

*The effect of the attraction of the molecules on the momentum 
with which a molecule strikes the wall can be derived from the follow- 
ing considerations. The decrease in its momentum mu must be pro- 
portional to the force acting on it and to the time during which that 
force acts. The force of attraction must, however, be proportional to 
the number of molecules n/v in the unit of volume; and the time 
during which the molecule is subjected to this attraction, which is the 
time required for it to trasverse the outer layers of the gas, must 
be inversely proportional to its velocity, which is uv/{v—^wi>)\ this 
velocity being greater than u, the velocity between collisions, because 
of the just considered effect of the volume of the molecules. The 
change in momentum attending the impact of the molecule on the 
wall will therefore be reduced 

from 2inu to 2\mu ^ (i;— 4«<^) ), 

where a is a proportionality-constant dependent on the nature of the 
gas under consideration. The change of momentum of all the mole- 
cules strikiag the unit of surface in the imit of time, which is equal to 

* Articles, paragraphs, and problems to which an asterisk is prefixed may be omitted in 
briefer courses. 



THE KINETIC THEORY 27 

the pressure p^ is found by multipl3dng this quantity by the quantity 
derived in the preceding paragraphs. The product so obtained is 



nmu^ an^ 



P- 



*It is evident from this equation that the externally manifested 
pressure p is the resultant of an outward-directed pressure (repre- 
sented by the first term of the equation) caused by the motion of the 
molecules, and an inward-directed pressure (represented by the second 
term) caused by the attraction of the molecules within the gas for 
those in the outer or siuiace layers. 

By considering the corrections for the volume and attraction of 
the molecules there may be derived (in the way just shown) the 
following expression, which may be called the kinelic equation for 
imperfect gases: 

\P'^^)(v-4n<l>)^inmu\ 

In this equation 4> denotes the volume of a single molecule of the 
substance, and a represents a constant characteristic of the sub- 
stance which expresses the effect of the attraction of its molecules. 
Now, since it has been shown (in Art. 18) that for any gaseous 
or liquid substance inmu^^NRT, and since the number of mole- 
cules n may evidently be replaced in the second and fourth terms by 
the number of mols N of the substance with new proportionality- 
constants, this expression may be transformed into the following one, 
known as the van der Wools equation, already mentioned in Art. 16: 



{p+^)(.v-Nb)=NRT. 



By considering one mol of the substance, N becomes equal to unity, 
and the equation assumes the simpler form which is often conveniently 
employed. 

It is evident from the derivation that the quantity b in the van der 
Waals equation denotes four times the volume of the molecules in one 
mol of the gas; and that the term a?P/i^ or a/v^ denotes the inward- 
directed pressure due to the attraction of the molecules. This pres- 
siure is called the cohesion pressure; and the constant a may be called 
the cohesion constant. 
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Since the cohesion-constant a and the volume-constant h vary with 
the nature of the molecule, it is evident that the van der Waals equa- 
tion involves the assumption that the molecules of the substance do 
not undergo a change through association as the pressure increases, or 
through dissociation as the temperature rises. These effects are, in fact, 
of not infrequent occurrence; and the limits of applicability of the equa- 
tion must therefore be determined experimentally for each substance. 

With many substances, probably with all of those whose molecules 
are all of one kind, the van der Waals equation gives values of the 
pressure or volume which agree with the observed values within one 
or two percent, so long as the pressure does not much exceed 20 
atmospheres, or so long as the molal volume is not less than 1000 ccm. 
But it may lead to very erroneous results when applied, as it some- 
times is, at much higher pressures (for example, to the computation of 
the critical constants). At these higher pressures a satisfactory 
correspondence with the observed values can be attained by expressing 
the quantities a and b as definite functions of the molal volume, in- 
stead of regarding them as constants. 

A comparison of the observed pressures with the calculated 
pressures given in the 'following table illustrates the validity of the 
van der Waals equation for a few simple gases at molal volumes 
of 2000, 1000, and 500 ccm., or at pressures between 12 and 40 
atmospheres. The constants used in calculating the pressures are 
given in the last two columns. In evaluating them the pressure 
is expressed in atmospheres and the volume in cubic centimeters, 
and they are referred to one mol of the gas. They are so chosen 
as to reproduce the observed pressure- volume relations accurately 
at pressures up to 10 or 12 atmospheres. 

Validity of the van der Waals Equation 
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29.9 
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57.8 


10.02 
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*Proh. 28. — Applications of the van der Waals Equation. — The 
constants a and h in the van der WaaJs equation have for carbon dioipde 
the values 6.23X10* and 128, respectively, when the pressure is ex- 
pressed in atmospheres and the volume in cubic centimeters, a. Cal- 
culate the pressure of carbon dioxide at 40^ when the volume of one 
mol of the gas is 2000 ccm.; b, when it is 1000 ccm. c. Find the ratio 
of these computed pressures to the actual pressures, which are 12.11 
and 22.84 atm., respectively, d. Find the ratio of the cohesion pres- 
sures to these two external pressures, e. Find the ratio of the correc- 
tion for the volume of the molecules to the voliune of the gas for these 
two cases. /. Find the ratio of the cohesion pressure to the total 
pressure, and the ratio of the volume correction to the total voliune, 
for carbon dioxide at o^ and i atm. (where the molal volume is not 
greatly different from 22,400 ccm., that for a perfect gas), g. From 
these ratios derive the percentage deviation of pv from RT for carbon 
dioxide at o*^ and i atm.; and compare the result with that given in the 
table in Art. 15. Ans, a, 12.16 atm.; h, 23.24 atm. 

*Proh. 2g, — Determination cf the Constants of the van der Waals Equa- 
tion. — When one mol of NHj has a volume of 2000 ccm. at 30** its 
pressure is ix.03 atm., and when the gas is heated at this (constant) 
volume to 60°, its pressure becomes 12.37 ^tm. Calculate the values 
in atmospheres and cubic centimeters of the constants a and h for NHt 
in the van der Waals equation. Ans. 0=10.03X10*; 6 = 163. 

*Proh, 30. — Principles Relating to the Internal Pressures. -^ a. From 
the results of the preceding problem find the values of the two 
oppositely directed internal pressures of which the external pressure 
of XI. 03 atm. is the resultant, for NHi at a molal volume of 2000 ccm. 
at 30®. b. Find the values of the two internal pressures at 60°; and 
state the principles which determine the effect of temperature upon 
each of them when the gas is kept at constant volimie. c. Find the 
value of the cohesion pressure at 30° when the molal volume is 20,000 
ccm. Ans. a, 2.51 and 13.54 atm.; c, 0.0251 atm. 

21. The Characteristics of the Molecules. — From the van der 
Waals volume-constant and the Avogadro number the volume and 
diameter of a single molecule can be readily calculated, as illustrated 
by Prob. 31. From the diameter of the molecule the number of 
its collisions per second and the mean distance traversed between 
successive collisions can be derived as shown in the text below. 

Prob. 31. — Determination of the Dimensions of the Molecules. — 
a. From the values, 128 and 163 ccm., of the volume-constants for 
COb and for NHs calculate the actual voliune of the molecules in one 
mol of each of these gases, and in 1000 can. of each of the gases at 20^ 
and I atm. b. Assiuning the molecules are spherical, calculate with 
the aid of the Avogadro number the diameters of the molecules of CO^ 
and NHi in centimeters. 
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The results of determinations of these molecular magnitudes for two 

substances, hydrogen and carbon dioxide, at 20^ and one atmosphere 

are given in the following table. The number of molecules per cubic 

centimeter and the velocity of the molecules are for comparison also 

included. 

MoLEcuLAK Magnitudes 

Eydro§m Carbon dioxide 

Number of molecules per cubic centimeter , 2.5 Xio** 2.5 Xio** 

Velocity in centimeters per second . . 1.9 X 10* 0.4X10^ 

Diameter of the molecule in centimeters . 2.4X10""* 3.3X10""® 

G)llisions by any one molecule per second 10.2X10^ 6.2X10* 

Mean distance between collisions in centimeters 1 7 . 2 X io~* 6. i X lo"* 

These figures show that at atmospheric pressure the number of 
collisions per second is enormous and that the distance which on the 
average a molecule traverses between collisions is extremely small. 
They show, however, that this distance is several hundred times 
greater than the diameter of the molecule. 

*From the diameter of the molecule, as stated above, certain other 
quantities characteristic of the molecular condition of gases can be 
derived. The most important of these are the number of collisions 
between the molecules per second, and the average distance traversed 
by a molecule between the collisions, a quantity commonly called the 
mean free path. An approximate relation between the diameter of 
the molecules and these quantities and a fairly dose estimate of their 
magnitudes can be derived as illustrated by Probs. 32 and 33, with the 
aid of the approximate assumptions that the molecules are spherical, 
that any one molecule under consideration is moving with a uniform 
velocity equal to that required by the kinetic equation, and that the 
other molecules among which it is moving are stationary. The 
number of collisions C per second which one molecule of radius r 
moving with velocity u makes with the other molecules when n of 
these are present in volume v, and the mean free path / of the molecules, 
are thus found to be given by the expressions: 

C=(«A)4irf««;and/-^jj^^. 

*It is seen that, as would be expected, the number of collisions per 
second is proportional to the number of molecules (n/v) per unit 
volume, to the cross-section (xr*) of the molecules, and to their velocity 
(u); and that the mean distance traversed between collisions is in- 
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versdy proportional to the number of molecules and to their cross- 
section. By a more rigorous analysis, not involving the above stated 
simplifying assumptions that the molecule under consideration has a 
uniform velocity equal to that required by the kinetic equation and 
that the other molecules are stationary, it can be shown that the 
mean free path (for spherical molecules) is only 0.71 times as great as 
that computed by the above equation. 

RekUionF between the Diameter of the Molecules, the Number of Col- 
lisions, and the Mean Free Path, — 

*Prob. j2. — a. G>nsideriiig, as illustrated in the figure, that a 
molecule of radius r is moving with a velocity u among stationary 
molecules, find an expression for the 

voliune of the space within which the /'7^ •->. 

centers of the stationary molecules ^^ ^ \1JL. 



must be located in order that the f,\I^ ^ _17TV 

moving molecule may collide with > ->^ — —. - ^ ^ v^ 

them during one second, b. Find (^ Vl/ 

an expression for the number of 

stationary molecules with which the moving molecule collides per 
second, in case a volume v of the gas contains n molecules uniformly 
distributed, c. Derive from this equation the expression given in the 
preceding text for the mean free path of the molecules, stating the 
reasons involved. 

*Prob. J J. — From the diameters of the COb and NH» molecules calcu- 
lated in Prob. 31, find for the case that each gas is at 20° and i atm. 
the number of collisions made by one molecule per second, and the 
mean free path. 

*The mean free path is a factor that determines the magnitudes of 
certain properties of gases, especially of their viscpsity and their elec- 
trical and thermal conductivities; and conversely, its own magnitude 
can be computed from the results of measiurements of these properties. 
Since the number of collisions and the diameter of the molecules can 
be calculated from the mean free path by means of the equations given 
above, there are available a number of independent methods of deter- 
mining all these molecular quantities. 

22. Distribution of the Velocities and Kinetic Energies of the 
Molecules of a Gas. — It has been assumed thus far that all the 
molecules of a gas have the same velocity and kinetic energy. Evi- 
dently this cannot be the case, since as a result of the collisions there 
is a constant interchange of the kinetic energies, with consequent 
variation of their values from zero up to values much greater than 
the mean kinetic energy. It can be shown that, in view of the very 



32 



THE MOLAL PROPERTIES OP GASES 



large number of molecules and the frequency of their collisions, their 
kinetic energies and velocities must be distributed in accordance with 
the laws of probability, of which the distribution of errors of observa- 
tion around the mean value affords a familiar illustration. This law 
of the distribution of kinetic energies and velocities is known as the 
Maxwell distribuHon law. 
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The figure shows graphically the distribution of kinetic energies 
required by this law. The two graphs OABC and ODEF refer to o° 
and 136.5®, corresponding to absolute temperatures which stand to 
each other in the ratio 2:3. As abscissas are plotted the kinetic 
energies K (equal to imu^) of the molecules expressed in terms of the 
mean value of the kinetic energy at o® as unity; and as ordinates are 
plotted the values P of such a function of K that the product P dKy 
represented by the area beneath any element of the graph, is equal to 
the fraction dn/n of the whole number of molecules fi (in one mol) 
that have kinetic energies between K and K+dK; the area beneath 
the whole graph being equal to unity and corresponding to the total 
number of the molecules. Otherwise interpreted, the product P dK 
is the fraction of the time that any given molecule has kinetic energies 
between K and K+dK. Correspondingly, the relative values of the 
ordinates P, for different points of the curve represent the relative 
fractions of all the molecules that have kinetic energies within any 
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definite infinitesimal amount of those represented by the correspond- 
ing abscissas K; or they represent the relative fractions of the time 
that any one molecule has these kinetic energies. In the case of the 
* graph OABCy where the kinetic energies are expressed in terms of the 
mean kinetic energy at the same temperature, the quantity P, com- 
monly called the probability function^ has the form 

Proh. 34. — Fraction of the Molecules having Kinetic Energies between 
Definite Limits, — Determine from the figure the percentages of the 
total number of molecules which at 0° have kinetic energies lying be- 
tween limits which are multiples of the mean kinetic energy at 0°, as 
follows: a, 0.0 and 0.2; 6, 0.2 and 0.6; c, 0.6 and i.o; d, i.o and 2.0. 

Prob. 35. — Efect of Temperature on tlie Fraction of the Molecules 
having Kinetic Energies Greater than any Definite Absolute Value, — 
Determine from the figure the percentages of all the molecules that, 
a, at 0°, and b^ at 136.5°, have kinetic energies greater than twice the 
mean kinetic energy at 0°. 

The fact, illustrated by the preceding problem, that the fraction 
of the molecules having kinetic energies exceeding any definite value 
increases rapidly with rising temperature is of much importance in 
relation to the effect of temperature on the vapor-pressure of liquid 
substances and on the rate of chemical reactions. 

The graphs in the figure represent also the distribution of the 
squares of the velocities of the molecules in terms of the mean velocity- 
square at 0°. Similar graphs can be drawn to show the distribution 
of the velocities themselves. When the velocity u is expressed in 
terms of the square-root of the mean value of the velocity-square at 
the same temperature, the probability function has the form: 

The percentages of the total number of molecules which possess 
values of the velocity that lie between limits which are certain multi- 
ples of the square-root of the mean velocity-square are as follows : 

Velocity multiples o.a-0.4 0.4-1.4 1.4-2.5 2.5-00 

Percentage of molecules . 8.2 76.9 12.7 2.2 

*Differential equations expressing the distribution of kinetic ener- 
gies and velocities can readily be formulated as in Prob. 36. These 
equations cannot be directly integrated; but by methods of approxi- 
mation the integrals have been evaluated between various limits. 
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*Proh. 36, — Expressions far the Practum of the Makcuks having 
D^nite Kinetic Energies or D^nite Velocities, — With the aid of the 
probability-functions given in the text, formulate differential equations 
for the fraction dn/H of the total number of molecules n which possess, 
Qy kinetic energies (expressed in terms of the mean kinetic energy) 
between any value K and an infinitesimally greater value K-^dK; and 
by velocities (expressed in terms of the square-root of the mean velocity- 
square) between any value u and an infinitesimally greater value u-i-du. 

•Expressions for the fractions dnjfi and itoln of the molecules that 
at any temperature T have absolute kinetic energies (i) between 
E and E+dE, and (2) greater than any definite value Eq, are given 
below. Equation (i) is obtained from that of Prob. 36a by replacing 
the energy-ratio K by the quantity EJ^kT (f * T being the mean 
kinetic energy of the molecules) ; and equation (2) is obtained by 
integrating equation (i) between the limits £0 and 00 : 

dn /E\i ,^ dE . . 

^ = 1.13 (kf)^ kf ^'^ 

?--3(S^)*'-''(. + *k^-*'-^" + -)- » 

*The mean kinetic energy at any definite temperature is evident- 
ly directl y related to the square-root of the mean velocity-square 
(VXu^/n) at the same temperature; this square-root being equal to 
the velocity derived from the kinetic equation \nmu^^ NRT. In 
many kinetic relations the most probable kinetic energy and the most 
probable velocity are also important quantities. These are defined to 
be the kinetic energy and velocity, respectively, which the greatest 
number of molecules possess. Their values can be shown, as in 
Prob. 37, to stand in a definite numerical ratio to the mean values 
just mentioned. Thus the square of the most probable velocity is 
just two-thirds of the mean velocity-square. Another important quan- 
tity is the mean velocity (Xu/n), which can be shown by a less simple 
process to be 0.921 of the square-root of the mean velocity-square. 

*Prob. J7. — Relations between the Most Probable and Mean Values 
of the Kinetic Energy and of the Velocity, — a. Determine from the 
figure the ratio between the mean kinetic energy and the most probable 
kinetic energy, b. Derive this relation also from the probability- 
function given in the text, noting that the most probable kinetic energy 
corresponds to the maximum value of that fimction. c. Derive 
similarly the relation between the square-root of the mean velocity- 
square and the most probable velocity. 



THE ENERGY RELATIONS OF GASES 35 

m. THE ENERGY DELATIONS OF GASES 

23. Eneigy in General and the Law of its Conservation. — The 

essential idea underlying the concept of energy is the constancy of a 
quantity which is involved in all the changes taking place in the 
universe; and this is often explicitly expressed by the statement that 
energy is neither created nor destroyed m any process whatever. 
This statement is called the law of the conservation of energy, or the 
first law of thermodynamics. 

The law may be stated more concretely as follows: When a quan- 
tity of energy disappears at any place, a precisely equal quantity of 
energy simultaneously appears at some other place or places; and 
when a quantity of energy disappears in any form, a precisely equal 
quantity of energy simultaneously appears in some other form or 
forms; equal quantities of energy of different forms being understood 
to be such quantities as produce the same effect (for example, in 
modifying motion or raising temperature) when converted into the 
same form. 

The exactness of this law has been established by many careful 
quantitative investigations made for the purpose. The law is also 
confirmed by the correspondence of the conclusions drawn from it with 
well-established facts and principles. Among these may be mentioned 
the following principle, which is a conclusion based upon the failure 
of many attempts to produce a contrary result: The production of 
an unlimited amount of work by a machine or arrangement of matter 
which receives no energy from the siu-roundings is an impossibility. 
An ideal process like that here stated to be impossible is sometimes 
called perpetual motion of the first kind (to distinguish it from another 
kind of perpetual motion which will be later described). 

Of especial importance in chemical considerations are the energy 
effects attending changes in the state of systems. By the system is 
understood the definite kinds and quantities of matter under con- 
sideration. A system is said to be in a definite state when the tem- 
perature, pressure, state of aggregation, quantity, and chemical 
composition of each of its parts is fixed; and a change in any of these 
conditions is called a change in the state of the system. Thus the system 
under consideration might consist of 16 g. of the element oxygen and 
2.015 g. of the element hydrogen. This system might exist initially 
in the state of a mixtm-e of 0.5 mol of oxygen gas (Q2), and i mol of 
hydrogen gas (Ha) at a temperature of 20® and a total pressure of ten 
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atmospheres. It might now undergo a change in state, and exist 
finally in the state of one formula-weight of liquid water at 20® and 
one atmosphere. 

It follows from the law of the conservation of energy that, when 
the state of a system is fixed, its energy-content U is also fixed; and 
therefore also that any change in the state of a system is attended by 
a definite change A^ in its energy-content (equal to the difference 
Ui" Ui between its energy-content in the two states), whatever be 
the process by which the change takes place. This corollary from 
the law of the conservation of energy, stating that the change in the 
energy-content of a system is determined solely by its initial and 
final states, is of so much importance in chemical considerations that 
it has received a special name — the law of inUial and final states. 

Corresponding to the change in the energy-content of the system^ 
there must, of course, be an energy effect in the surroundings; and, in 
general, the only method of determining the change in the energy- 
content of a system is to measure the energy produced in the sur- 
roundings. This is ordinarily done by causing the change in state 
to take place within a calorimeter and measuring the heat which is 
imparted to or withdrawn from the calorimeter and its contents; 
account being taken of any other form of energy which may at the 
same time be produced or destroyed. 

The energy lost or gained by the system may appear or disappear in 
the surroundings in any of its various forms; but in energy considera- 
tion^ it is primarily important only to differentiate the production 
of heat from that of the other forms of energy. Such other forms of 
energy (that may be associated with matter) are collectively desig- 
nated work. Under this term are included, for example, production of 
motion in a body, displacement of a force through a distance, change 
of volume under pressure, development of electrical energy, and 
production of chemical changes. All these forms of work are quanti- 
tatively transformable into one another; but the transformation of 
heat into work is subject to certain limitations, which will be considered 
later. It is for this reason that heat and work are differentiated from 
each other. It will be noted that the term work is here used in a 
broader sense than that in which it is used in the science of mechanics. 

With the aid of the concepts of energy-content, heat, and work, 
the law of the conservation of energy may now be expressed by the 
statement that the decrease in the energy-content of the system 
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when it undergoes a change in state is equal to the sum of the quanti- 
ties of heat and work produced in the surroundings. Of these three 
quantities the change in energy-content is most fundamental, since 
it has a definite value for any definite change in state; while the 
quantities of heat and of work produced may vary with the process by 
which the change in state takes place. 

Three units of energy are commonly used in scientific work — the 
erg, the joule, and the Calorie. The erg is the energy expended when a 
force of one dyne is displaced through one centimeter, or it is twice the 
energy possessed by a mass of one gram when moving with a velocity 
of one centimeter per second. Th^ joule is a decimal multiple of the 
erg; namely, one joule equals 10^ ergs. The mean calorie is one- 
hundredth part of the heat required to raise one gram of water from 
o** to 100**. This is identical within 0.02% with the ordinary calorie, 
which is the heat required to raise one gram of water from 15° to 16°. 
One calorie (i cal.) is equal to 4.182 (approximately 4.18) joules, or 
4.182 Xio' ergs, this value being the so-called mechanical equivalent 
of heat. 

Proh, 38, — Evaluation of the Change in Energy-Content. — When i g. 
of liquid water is vaporized at 100° against. a pressure of i atm., the 
heat withdrawn from the surroundings is 537 cal., and the work pro- 
duced by the expansion against the constant pressure is 168 joules. 

a. In which state does the water have the greater energy-content, and 
what is the difference between the two energy-contents in calories? 

b. How much heat would be drawn from the surroundings in case i g. 
of liquid water at 100° and i atm. was vaporized within a closed vessel 
(no work being produced in the surroundings) so as to form water-vapor 
at 100° and i atm? 

24. Work Attending Volume Changes in General. — The work 
produced when a system changes its volume is of especial importance 
in chemical considerations. It is 'most readily derived for the case 
that the volume undergoes a change in dimensions in one direction 
only. Suppose that a liquid or gaseous substance contained in a 
cylinder is enclosed by a movable piston of cross-section a, and that 
a force / is exerted upon this piston, for example, by a weight placed 
upon it. Suppose now that the piston rises through a distance dl. The 
increase of volume dv is then adl, and the force acting upon the unit 
of surface, which force is the pressure p, is f/a. The work dW pro- 
duced by the expansion is therefore given by the equations: 

dW^fdl^padl^^pdv. 
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That is, the work is equal to the product of the pressure into the 
infinitesimal increase of volume that takes place. It can be easily 
demonstrated that this equation also holds true in the general case in 
which the volimie increases in dimensions in any number of directions. 
The general expression for the work produced when a body under- 
goes a change of volume from vi to i^, is therefore: 



W 



A pdv. r^ f(''^'r~''^) 



In order to carry out the integration it is evidently necessary to know 
how the pressure varies with the volume of the S3rstem as the change in 
state imder consideration takes place. 

The most common case in energy discussions is that in which the 
external pressure is considered to be substantially equal to the pressure 
exerted by the substance or substances of which the system is com- 
posed, these two pressures differing by only the infinitesimal amount 
which in the absence of friction suffices to cause the change in state 
to take place. In this case, in order to carry out the integration, it is 
necessary to know the functional relation between the pressure and the 
volume of the substance or substances involved, — in other words, 
to know the equation of state of the substance or mixture of sub- 
stances of which the system consists. 

Proh, jg, — Work Produced by the Change in Volume of a System at 
Constant Pressure. — a. Calculate the work in ergs and calories that is 
produced when one formula-weight of water (iH»0) vaporizes at loo® 
against the pressure of i atm. The specific volume of liquid water at 
loo^ is 1.043, 3^d that of satiurated water vapor is 1650. 6. Find the 
percentage errors that would be made by neglecting the volume of the 
liquid, and by regarding the vapor as % perfect gas. c. Formulate 
a general expression for the work produced when a system undergoes 
a change of volume under a constant pressure; and show that under 
these approximate assumptions the work W produced by the vaporiza- 
tion at a constant temperatiu'e T of that quantity of a liquid which 
forms N mols of saturated vapor is given by the expression W—NRT. 
d. Show that the value of the gas-constant R is 1.985 cal. per degree. 

Prob, 40. — Work Producible by the Change in Volume and Pressure 
of a Perfect Gas at Constant Temperature, — a. Calculate the work in 
calories produced when i mol of a perfect gas at 2 atm. expands at 20^ 
till its pressiure becomes i atm., the opposing external pressure being 
kept alwa3rs substantially equal to that of the gas. 6. Calculate the 
work in calories produced when under these conditions iCO^ at 2 atm. 
expands at 20^ till its pressure becomes i atm. The molal volume of 
CQi at 20^ and 2 atm. is 11,890 ccm. (or 1.16% less than that of a 
perfect gas). Ans, 5, 408 cal. 
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26. The Enefsy-Content of Systems in General in Relation to 
Temperature and Heat-Capacity. — The change in the energy-content 
which attends a change in the temperature of any system is experi- 
mentally determined by measuring the quantities of heat and work 
withdrawn from or imparted to the surroundings. The ratio of the 
quantity of heat dQ absorbed when the temperature of the system 
rises from T to T+dT to the rise of temperature dTis called its hecU- 
capacity C at T; that is, C »dQ/dT. The heat-capacity is substan- 
tiaUy equal to the quantity of heat absorbed when the temperature 
rises one degree. When the heating takes place without change of 
pressure, the heat absorbed per degree is called the heat^apacUy at 
constant pressure Cp. When the heating takes place without change 
of volume, the heat absorbed per degree is called the heat<apacity at 
constant volume C^. The heat-capacity of any homogeneous system is 
obviously the product of its weight by the heat-capacity of one gram 
of it, which is called its specific hea^apacity C (or often its specific 
heat). The heat-capacity of one mol or one formula-weight of a pure 
substance is called its molal or formal heat^apacUy C. The heat- 
capacity of one atomic weight is called the atomic heat^apacUy. 

Proh, 41. — Measurement of the Heat-Capacity of Gases. — Through 
a coil within a water calorimeter at 20.000° having a total heat-capacity 
of 1 100 cal. per degree ii.o g. of carbon dioxide preheated to various 
temperatures were passed at a pressure of i atm. in a series of experi- 
ments, and the rise in temperature in the calorimeter was measured, 
with the following results: 

Initial gas temperature . . 200^ 400° 600^ 800° 
Final calorimeter temperature 20.389** 20.861° 21.378** 21.930° 

a. Calculate the quantity of heat given off to the calorimeter in each 
experiment, b. Plot on a large scale these heat quantities Q as ordi- 
nates against the initial gas temperatures t as abscissas, c. Determine 
with aid of the plot the molal heat-capacity of carbon dioxide at 200° 
'and that at 600°. 

When a system is heated without change of voliune, no work is 
produced, and the change in its energy-content per degree is therefore 
simply equal to the heat absorbed from the surroundings or to the 
heat-capadty of the system at constant voliune. 

When a system is heated at constant pressure, not only is heat 
absorbed from the surroundings, but also work is produced in them. 
The increase in energy-content per degree is therefore equal to the 
heat absorbed diminished by the work produced. 
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*Prob. 42. — Mathematical Expressions for the Eeat-Capacities. — 
Formulate partial-derivative expressions for the definitions of the heat- 
capacity at constant volume and that at constant pressure, and for 
the relation of each of these heat-capacities to the corresponding change 
in energy-content per degree. 

Ans. ^»=(tj) ; etc. 

26. The Eneigy-Content and Heat-Capadty of Perfect Gases. — 

Experiments have shown that when a perfect gas expands at a constant 
temperature without producing any work (for example, when it 
expands within a calorimeter from one vessel into another vessel 
previously evacuated), there is no heat-eflFect in the surroundings (no 
change of temperature in the calorimeter). Such experiments have 
established the important law that the energy-content of a definite 
quantity of a perfect gas at any defiinite temperature has the same 
value, whatever be its voliune and pressure. In other words, for the 
change in state which occurs when a perfect gas changes its volume 
and pressure at a constant temperature, the change LU in its enei^gy- 
content is zero. 

From this law of perfect gases the following principles can be derived 
with aid of the law of initial and final states, as in Probs. 43 and 44: 

(i) At any definite temperature the increase per degree dU/dT of 
the energy-content of any definite quantity of a perfect gas has the 
same value whatever be the initial and final pressures and volumes; 
and therefore the heat-capacity at constant volume of any perfect 
gas is independent of the pressure and volume. 

(2) The molal heat-capacity of a perfect gas at constant pressure is 
greater than that at constant volume by an amount equal in value 
to the gas-constant -R, whatever be the gas and whatever be the 
temperature or pressure; that is, 

Cp—Cv=R= 1.985 cal. per degree. 

Derivation of the Heat^Capacity Relations cf Perfect Gases. — 

Prob. 43. — Derive the first principle stated in the preceding text by 

considering that a perfect gas changes by two different processes from a 

volume Vi at pressure P\ and temperature Ti to a volume Vi at pressiae 

P% and temperature T%. 
Prob, 44. — Derive the second principle stated in the preceding text 

by a consideration similar to that employed in the last problem. 

This second principle obviously enables the heat-capacity at con- 
stant volume to be calculated from the heat-capacity at constant 
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pressure. This is of importance, since the former quantity is one 
which it is difficult to determine accurately by direct experiment, 
owing to the fact that any rigid container used for holding the gas 
and preventing its expansion has unavoidably a much larger heat- 
capacity than the gas itself; while the latter quantity can be readily 
and accurately measured (as illustrated by Prob. 41). 

In view of this difficulty of determining directly the heat-capacity 
at constant volume, it is important to note also that the heat-capacity 
ratio Cp/Cv can be derived from measurements of certain properties of 
gases; especially, from measurements of the change of pressure which 
results when the gas expands adiabaticaUy (that is, without imparting 
heat to the surroundings or withdrawing heat from them), and from . 
measm-ements of the velocity of sound through the gas. These 
methods need not, however, be here described. 

27. The Heat-Capacity of Perfect Gases in Relation to their 
Molecular Composition. — The heat-capacity of perfect gases depends 
primarily on the complexity of their molecules, as is shown by the 
foUowing principles. 

The molal heat-capacity at constant volume C9 has the smallest 
value for gases with monatomic molecules, such as mercury, helium, 
and argon; and it has the same value, namely ^R or 2.98 cal. for all 
such gases at aU temperatures. The corresponding value of Cp is ^R 
or 4.96 cal. It will be shown in Art. 28 that the kinetic theory affords 
a striking explanation of this simple behavior. 

The behavior of gases with diatomic molecules is less simple. Many 
of these gases, for example those with the formulas N2, Q2, CO, NO, 
HCl, have substantially the same value of C», and one which varies 
appreciably, but not very greatly, with the temperature, between o** 
and 1200**; thus for all these gases the value of C, is 4.9 cal. at 20**, 
5.6 cal. at 1000^, and 6.3 cal. at 2000®. Between the temperatures 
0° and —180** the values for these gases change irregularly, but not 
very greatly; thus at —180°, C» is 4.73 for nitrogen, 4.91 for oxygen, 
and 4.76 for carbon monoxide. The values for hydrogen (H2) between 
20** and 2000** are slightly (about 0.15 cal.) smaller than those for the 
gases just mentioned, and they become very much smaller at very 
low temperatures, attaining at —180** the value 4.3 cal., and at —210® 
the value 3.0 cal. shown by monatomic gases, this value then remaining 
constant at any rate down to —240° (33** A.). A few diatomic gases, 
for example those with the formulas Cla, Bra, Is, ICl, have at room 
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temperature larger values of Cv than do the other diatomic gases; thus 
the value for chlorine is 5.9 cal. at 20**. 

The only general statements that can be made in regard to the heat- 
capacities of triatomic and other polyatomic gases are that the values 
are much larger than those for the diatomic gases, that they increase 
more rapidly with the temperature, and that they increase with the 
complexity of the molecule; thus the values of C» at 200° are 6.5 for 
water vapor (HaO), 8.5 for carbon dioxide (CC^) and sulfur dioxide 
(SQa), 7.4 for ammonia (NHs), and 41.6 for ether (C4H10O). 

The following table shows the functions which express, in 
general within one or two percent, the observed values of the 
molal heat-capacities at constant volume at atmospheric pressure, 
of some of the common gases at various temperatures. 

MOLAL HEAr-CAPACmBS AT CONSTANT VOLUICB 
StAstamcet RtmgB of ttrnperahm Vahterf^^ 

Hff' Na K I Complete a.98 +0.00 T 

N2, O2, COl o . _L -T 

NO, HQ J ^^ ^^^^ ^'^^ "*" ^'*^°®^ 

Ha 0—2000® 4.55 +0.0007 r 

cij 0—2000® 5.65 4-0.0007 r 

NH3 0-500® 5.83 4-0.0026 r + 0.0000012 7* 

These principles in regard to heat-capacity, especially that relating 
to monatomic gases, have made it possible to determine (as illustrated 
in Prob. 45) the atomic weight of the inert elements, heliimti, neon, 
argon, etc., to which, because of their failure to form compoimds, the 
usual method described in Art. 14 is not applicable. 

Prob. 45, — Determination of Atomic Weight from the Heat^apacUy 
Ratio, — From the experimentally determined velocity of sound in 
argon gas the heat-capacity ratio Cp/Ct has been found to be 1.67. 
Find the atomic weight of argon by combining this result with its 
density, which at 20^ and i atm. has been found to be 1.246 times as 
great as that of oxygen; stating the principles involved. / 

28. The Energy-Content and Heat-Capacity of Perfect Gases in 
Relation to the Kinetic Theory. — In the discussion of the kinetic 
theory in Art. 18 only the transkUary kinetic energy of the molecules 
(that due to their linear motion) was considered. It is evident, 
however, that the molecules may be set in rotation as a result of their 
collisions, and consequently that they may possess rotational kinetic 
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energy. It is evident also that the atoms within the molecules may 
possess kinetic energy due to vibration and potential energy arising 
from forces acting between the atoms and dependent upon their 
position with reference to one another; these constituting the atomic 
energy of the molecules. The proportion which each of these three 
kinds of energy contributes to the total energy of the molecules may 
be expected to vary with the temperature and with the nature of the 
molecules. 

In the case of monatomic molecules the conditions are simpler. 
For in the first place, since the molecule is identical witli the atom, 
the atomic energy falls away. In the second place, it may well be true 
that the atoms, and hence also the molecules, are so small or so sym- 
metrical that their kinetic energy of rotation is negligible in comparison 
with their kinetic energy of translation. In this case the energy- 
content of the gas would consist solely in the translatory kinetic 
energy K of its molecules. And the heat-capacity C« at constant 
volume, which was shown in Art. 25 to be equal in general to the 
increase dU/dT in the energy-content per degree, would be equal 
to the increase dK/dT in this kinetic energy per degree; which increase 
dK/dT has been shown in Art. 18 to be equal to iR or 2.98 cal. per 
degree for one mol of any gas. Now, experimental determinations 
have in fact shown, as stated in Art. 27, that all monatomic gases have 
a molal heat-capacity at constant volume substantially equal to 2.98 
cal. per degree. The conformity of this prediction of the kinetic 
theory with the facts is one of the striking successes of the theory. 

The fact stated in Art. 27 that most of the diatomic gases (nitrogen, 
oxygen, carbon monoxide, etc.) have values of Cv which are nearly 
the same (about 5.0 cal. at 20""} for the different gases and which do 
not vary much with the temperature indicates that the atomic energies 
and rotational energy of their molecules increase in nearly the same 
proportion as the translatory kinetic energy. The fact, however, 
that the heat-capacity of hydrogen gas, though not differing greatly 
from that of the other gases at room temperature, attains the value 
for a monatomic gas at very low temperatures, suggests that its 
molecules are then no longer taking up an appreciable proportion 
of atomic or rotational energy. 

Diatomic gases like chlorine which have larger values of Cv util- 
ize this greater amoimt of absorbed heat to set their atoms into more 
rapid vibration and to separate them further from each other. This 
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is in correspondence with the lower temperatures at which the mole- 
cules of these latter gases dissociate into their atoms. 

The molecules of gases with more than two atoms may be expected 
to take up more energy of rotation than the more nearly two-dimen- 
sional diatomic molecules and to convert more of the absorbed heat 
into atomic energy. This is in accordance with the fact that in 
general the heat-capacity increases with the complexity of the molecule. 

29. The Energy-Content of Imperfect Gases in Relation to Volume 
and Pressure. — Actual gases show deviations from the perfect-gas 
law that the energy-content of the gas at any definite temperature is 
independent of its volume and pressure. These deviations always 
lie in the direction that the energy-content of the gas increases with 
decrease in its pressure. They are small at atmospheric pressure, 
increase rapidly with the pressure, and become large at 30-100 atmo- 
spheres. 

The increase in energy-content attendmg an isothermal expansion 
is most accurately determined hy porous-plug experiments , in which 
the gas is caused to flow continuously through a well-insulated tube 
containing a plug of porous material, as illustrated in the figure. 
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Under these conditions the gas expands without taking up heat from 
the surroundings and without producing work, except that equivalent 
to the change in its pressure-volume product. It undergoes thereby 
a decrease in temperature, which is often called from its discoverers 
the Joule-Thomson e^ffecL This decrease in temperature is accurately 
measured; and from its magnitude, from the heat-capacity of the gas, 
and from the change in its pressure-volume product, the increase in 
the energy-content that would have attended an isothermal expansion 
is calculated, in the way illustrated by the following problem. 

*Prob, 46. — Determination of the Change in Energy-Content by Porous- 
Plug Experiments. — Carbon dioxide at pressure Pi (e.g., 2 atm.) and 
temperature Ti (e.g., 20.00**) is caused to flow continuously tJirough a 
well'insulated hardwood tube containing a porous plug of cotton. On 
passing through the plug its pressure falls to pi {e.g., 1 atm.), and it 
emerges from the tube at this pressure. After the gas has flowed so 
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long that every part of the apparatus has assumed the temperature of 
the gas in contact with it, the expansion of the gas takes place without ex- 
change of heat with the surroundings. Its temperature after passing 
through the plug is found to be T% {e.g.^ 18.86^). These conditions are 
illustrated by the figure, a. What other process must be combined 
with this adiabatic process in order that the net result of the two pro- 
cesses may be the isothermal expansion of one mol of the gas from 
pressiure pi to pressure ^ at a temperature Ti? b. Formulate expres- 
sions for the work produced W, the heat absorbed Q, and the change in 
energy-content AU, for each of these two processes. (Note that in 
the first process a volume f^ of the gas disappears on one side of the 
plug under a constant pressure Pi, and that a certain volume ti^' of the 
gas is produced on the other side of the plug under a constant pressure 
Pt.) c. Combine these results so as to give an expression for the change 
in energy<ontent that attends a change in pressure from pi to p% of one 
mol of the gas at a constant temperature Ti, d. Calculate in calories 
the change in energy-content attending the expansion of i mol of carbon 
dioxide from a pressure of 2 atm. to a pressure of i atm. at 20°, using 
the following data in addition to those given above: the molal volume 
of carbon dioxide at 20° and 2 atm. is 11,890 ccm., and at 20^ and i atm. 
is 23,920 ccm.; its molal heat-capacity at 20^ and at a constant pressure 
of I atm. is 8.92 cal. per degree, e. Calculate the heat that would be 
absorbed from the surroundings if the change in state given in d took 
place at 20^ against an opposing pressure kept substantially equal to 
that of the gas, using the result obtained in Prob. 40b. Ans, d, 6.78 cal. 

At high pressures and at low temperatures the JouUj-Thomson 
cooling eflfect and the corresponding increase in energy-content attend- 
ing isothermal expansion are large even in the case of difficultly con- 
densible gases. Thus, when air at 2 atmospheres and at 20^ expands 
to a pressure of one atmosphere under the conditions of a porous-plug 
experiment, there is a fall of temperature of 0.25°; but if the initial 
pressure is 102 atmospheres there is a fall of 25^ when the initial 
temperature is o^, and a fall of temperature of 74^ when the initial 
temperature is —100**. 

Certain technical processes for liquef)dng air (for example, the 
Linde process) utilize only the Joule-Thomson effect, but certain 
other processes (such as the Claude process) provide for production 
of work during the expansion, whereby a greater cooling effect is 
obtained (as indicated by Prob. 46 e). 

*30. The Eneisy-Content of Imperfect Gases at Constant Tem- 
perature in Relation to the Kinetic Theory. — The increase in energy- 
content attending the isothermal expansion of a gas, as computed from 
porous-plug experiments like those described in Art. 29, is evidently 
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equivalent to the energy that must be imparted to the gas in order to 
separate its molecules from one another. In other words, it is equal 
to the internal work that has to be done in displacing the cohesion 
pressure through the increment of volume. It follows therefore that 
the increase dU in energy-content attending an increase in volume dv^ 
and the increase A^ in energy-content attending an increase in 
volume from Vi to c^, will be given, if the cohesion pressure has the 
value required by the van der Waals equation, by the following 
escpressions: 

dU^—T-dv: or AU^aN^i ); or (for one mol) At/=a(-— — I • 

Prob. 41, — CakidcUion of the Change in Energy-Content from the 
Cohesion-Constant, — Calculate the increase in energy-content in 
calories attending the isothermal expansion of iCO^ from 2 atm. to 
I atm. at 20^, from the value of the cohesion-constant for carbon 
dioxide given in Prob. 28, and tabulate this value beside that derived 
in Prob. 46 from the data of porous-plug experiments. 

Conversely, the cohesion-constant can be derived from the results 
of porous-plug experiments. And in general the so-obtained values 
of this constant are approximately identical with those calcidated 
from the pressure-volume relations by the van der Waals equation. 
Thus the cohesion-constant for carbon dioxide may be calculated 
from the data of Prob. 46 to be 6.62 Xio', while that derived from the 
pressure-volume relations is 6.23 Xio*. This agreement shows that 
the term aN^v^ in the van der Waals equation does in reality cor- 
respond to a cohesion pressure arising from an attraction between the 
molecules. 
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THE MOLAL PROPERTIES OF SOLUTIONS AND THE 

MOLECULAR THEORY 



I. VAPOR-Pfi£SSUBE AND BOILING-POINT IK GENERAL 

31. Vapor-Pressure. — A liquid in contact with a vacuous space 
vaporizes until the pressure of its vapor in that space attains a per- 
fectly definite value which is determined by the nature of the liquid 
and by the temperature. If, on the other hand, vapor having a 
pressure greater than this definite value is brought into contact with 
the liqtiid, condensation occurs until the pressure of the vapor falls 
to that value. In other words, for a given liquid at a given tempera- 
ture there is only one pressure which its vapor can have and exist 
in equilibrium with that liquid. This pressure is called the vapor- 
pressure of the liquid. This is to be distinguished from the pressure 
of the vapor, which when not in contact with the Uquid may have any 
value from zero up to one somewhat exceeding the vapor-pressure. 
Solids likewise have definite vapor-pressures, which with certain 
substances (like iodine) are appreciable even at room temperature. 

The vapor-pressure of a Uquid or solid substance increases rapidly 
with increasing temperature, as illustrated by the data of Prob. 3. 

When a liquid or solid is in contact with a space containing a gas 
(for example, when water or iodine is in contact with an air space), 
approximately the same quantity of the liquid or soUd vaporizes as 
if the gas were not present, provided the gas is only slightly soluble in 
the liquid, and provided its pressure is not much greater than one 
atmosphere. When the gas is readily soluble in the Uquid, or when 
its pressure is large, considerable deviations from this principle may 
result. « 

Proh, I. -^ Pressure-Volume Rdatums of Wet and Dry Gases. — 25 can. 
of dry air at 28** and i atm. are collected over water, whose vapor- 
pressure at 28° IS 28 mm. a. What is the pressure if the volume is still 
25 ccm,? b. What is the volume if the pressure is i atm.? Ans. b, 25.95. 

Frob. 2. — Air-Bubbling Method of Determining Vapor-Pressure, — 
2000 ccm. of dry air at 15^ and 760 mm. are bubbled through bulbs con- 
taining a known weight of carbon bisulfide (CSs) at 15°, and the mix- 
ture of air and bisulfide vapor is allowed to escape^into the air at a 
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pressure of 760 mm. By reweighing the bulbs, 3.01 1 g. of the bisulfide 
are found to have vaporized. Find the vapor-pressure of carbon 
bisulfide at 15^ Ans. 242 nmi. 

Steam-Distillation of Liquids Insoluble in Water. — 

Proh, 3. — Steam is bubbled through chlorbenzene (CACl) in a dis- 
tilling flask; and the vapors, which escape imder a barometric pressure 
of I atm., are condensed as a distillate. The steam partially condenses 
in the distilling flask, and brings the mixture of water and chlorbenzene 
(which are not appreciably soluble in one another) to that tempera- 
ture where equilibriiun prevails between each liquid and its vapor. 
Determine this temperature and the molal composition of the distillate 
with the aid of a plot of the following data, which represent the vapor- 
pressures of the pure substances at various temperatures: 

70** 80** 90** 100** 

Water 234 355 526 760 mm. 

Chlorbenzene ... 98 145 208 292 mm. 

Proh,4, — A current of steam is passed at atmospheric pressurethrough 
a mixture of water and nitrobenzene (C«H«N(>i). Calculate, a, the 
temperature of the distilling mixture, and, &, the percentage by weight 
of nitrobenzene in the distillate, from the following data: the vap>or- 
pressure of water at 100^ is 760 mm. and changes by 3.58% per degree; 
that of nitrobenzene at xoo^ is 20.9 nun. and changes by 5.0% per 
degree. Ans. 6, 15.5%. 

32. Relation of Boiling-Point to Vapor-Pressure. — The boiling- 
point of a liquid is the temperature at which it is in equilibrium with 
its vapor when both are subjected to any definite external pressure. 
In other words, it is the temperature at which the vapor-pressure, 
which increases as the temperature rises, becomes equal to the external 
pressure. When this temperature is exceeded by an infinitesimal 
amount, assuming that there is no superheating, the vapor forms 
throughout the mass of the liquid (not merely at its free surface), 
giving rise to the familiar phenomenon of boiling. 

Proh. 5. — Change of BoUing-Point with Barometric Pressure. — The 
vapor-pressure of water at 100** increases 27.2 mm. per degree. What 
variation of its boiling-point corresponds to a variation of the baro- 
metric pressiure from 730 to 790 mm.? 

33. Change of Vapor-Pressure with Temperature. The Clapeyron 
Equation. — The vapor-pressure of liqtiids or solids increases very 
rapidly with the temperature, and roughly by equal multiples of its 
value for equal increments of temperature. 

Proh. 6. — Approximate Rdaiibn 6cl|ij|g» Vapor-Pressure and Tem- 
perature. — From the data of Prob. 3 fincTsoid tabulate the ratios of the 
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vi4)or-pressure at 80^ and 70^, 90^ and 80^, and 100^ and 90°, a, for 
water; and b, for chlorbenzene. 

From the laws of thermodynamics, there can be derived, as shown 
in Art 165, an exact differential expression for the increase of the 
vapor-pressure ^ of a liquid or solid at the absolute temperature T 
with the temperature. This expression, which is known as the 
Clapeyron equation, is as follows: 

dT " TAv' 

In this equation Av represents the increase in voliune when any definite 
quantity of the substance changes at the pressure p and temperature T 
from the state of liquid or solid to the state of saturated vapor, and 
AH denotes the heat absorbed from the surroundings when this 
quantity of substance undergoes the same change in state. This 
quantity of heat is commonly called the heal of vaporization, or when 
referred to one mol of the substance, its mold heai of vaporization. 

Since at the boiling-point of a liquid its vapor-pressure is equal to 
the external pressure upon the liquid and vapor, the Clapeyron equa- 
tion also expresses (more clearly in the inverted form) the change of 
boiling-point with the external pressure. 

In numerical applications of this equation, the energy quantities 
AH and Av X dp must be expressed in corresponding units. The latter 
quantity will be in ergs when the volumes are in cubic centimeters 
and the pressure is in dynes per square centimeter. The imits of 
energy conmionly employed and the relations between them were 
described in Art. 23. 

Prob. 7. — Application of the Clapeyron Equation. — a. Calculate 
with the aid of the Clapeyron equation the volume of one mol of satu- 
rated water- vapor at 100** from the following data: At 100® the vapor- 
pressure of water increases 27.2 mm. per degree, the heat of vaporiza- 
tion of one gram of it is 537 cal., and the specific volume of liquid water 
i& 1.043. ^* Calculate by the perfect-gas equation the volume of one 
mol of saturated water-vapor at 100°. c. By comparing these two values 
of the molal volume, determine the percentage error that would be 
made in assuming that the satiu^ted vapor conforms to the perfect- 
gas law. Ans, a, 29920 ccm.; c, 2.3%. 

A simpler, but less exact form of the Clapeyron equation can be 
derived (as in Prob. 8) by makAg the assumptions that the volume 
of the liquid or solid is negligible in comparison with that of the 
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saturated vapor and that the vapor conforms to the perfect-gas laws. 
This approximate Clapeyron equation is 

dlogp AH 
dT ' JRP' 

In this equation p denotes the vapor-pressure of the liquid or solid 
substance at the absolute temperature T, AH its molal heat of vapori- 
zation at that temperature, and the symbol log the natural logarithm 
(to the base e). (This symbol is always used in this sense in this 
book; logarithms to the base lo being denoted by the S3rmbol logio. 
It may be noted that loga(; = 2.3026 logiox= approximately 2.3 logiox.) 

The approximate OsLpeyron equation evidently yields, at moderate 
pressures where the volume of the liquid may usually be neglected, 
values of dp /dT or of d log p/dT which are less than those derived from 
the exact equation by nearly the same percentage amount as the 
actual volume of the saturated vapor is less than that calculated by 
the perfect-gas equation, or by the same percentage amount as the 
actual value of ^ v for one mol of the saturated vapor is less than that 
of RT. This amount, for example, is 2.3% for water at 100** (as 
found in Prob. 7), and 3.6% for ethyl alcohol at 78.3** (its boiling- 
point at one atmosphere). These quantities are evidently the values 
of the deviation-coefficient a for these vapors in the equation of state 
for gases at moderate pressures, given in Art. 15. 

The approximate Clapeyron equation can be integrated, usually 
without much error, between any two temperatures not greatly 
different from each other under the assumption that the heat of 
vaporization is constant between those temperatures, as illustrated 
in Prob. 9. * 

Prob. 8. — Derivation of (he Approximate Clapeyron Equation. — 
a. From the exact Clapeyron equation derive the approximate form given 
in the text with the aid of the simplifying assumptions there mentioned. 
6. From the results of Prob. 7 find the percentage error in dp/dT that 
would result from neglecting the volume of the liquid in the case of 
water at 100^. c. Show that, aside from the correction for the volume 
of the liquid, the percentage error in dp/dT as calculated by the approxi- 
mate equation is equal to the percentage difference between RT and 
the actual value of pv for one mol of the saturated vapor. 

Prob. p. — Integration oj the Approximate Clapeyron Equation. — 
a. Integrate the approximate Clape3nron equation so as to obtain a rela- 
tion between the vapor-pressures pi and p% at two different temperatures 
Ti and Tt, ass uming that the heat of vaporization does not vary between 
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the two temperatures. 6. Calculate by the equation so obtained the 
boiling-point of water at 92.0 mm., and its vapor-pressure at 75^. 
c. The actual boiling-point at 92.0 ntmi. is 49.88°, and the actual vapor- 
pressure at 75^ is 289.3 ™°^* State what inexact assimiptions are 
involved in the equation which would account for the divergence. 

84. Vaporization in Relation to the Kinetic Theory. — When a 
liquid is placed in communication with an empty space, its molecules, 
which according to the kinetic theory are continually in motion, will 
escape from its surface into the space above it till the vapor attains 
such a pressure that the nimiber of molecules entering the liquid 
surface from the vapor side becomes equal to the number of molecules 
leaving the surface from the liquid side. When this occurs a stationary 
condition of equilibrium is evidently established, and the then pre- 
vailing pressure of the vapor represents the vapor-pressure of the 
liquid. 

The kinetic principles imderlying vaporization may be more fully 
developed by considering what determines the number of molecules 
that pass through the surface in the two directions. 
In the figure the line AB represents an imaginary 
plane above which the vapor V may be regarded as 
homogeneous, and the line CD represents another 
imaginary plane below which the liquid L may be 
regarded as homogeneous. In the intervening region 
ABCP, constituting the surface layer of the liquid, 
which in reality is of molecular dimensions, there 
is a progressive increase in the number of molecules 
per unit-volume from the number present in the vapor to the number 
present in the liquid. 

Now the molecules in the vapor, assuming it to be a perfect gas, 
exert no attraction upon one another; but between the molecules of the 
liquid, as between those of a gas at high pressure (Art. 20), there is a 
large attraction. Within the main body of the liquid (below CD) 
there is, to be sure, no resultant attraction on any given molecule, 
since it is attracted equaUy in all directions by the imiformly distrib- 
uted molecules surrounding it; but any molecule in the surface layer 
will evidently be attracted downwards (into the liquid) in consequence 
of the greater density of the molecules in the layers below it. All 
the molecules that strike the plane AB from above (that is, from the 
vapor side) will therefore have their downward velocities increased 
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by the attraction and will pass into the liquid. Of the molecules 
that strike the plane CD from below (that is, from the liquid side) 
only those will traverse the surface layer and pass through the plane 
AB into the vapor which have an upward velocity great enough to 
overcome the downward attraction exerted by the molecules within 
the surface layer. In other words, to escape from the liquid a mole- 
cule reaching the plane CD must have a velocity component x in the 
upward direction greater than a certain limiting value xi, which 
value is equal to the decrease in upward velocity which any molecule 
would experience, in consequence of the molecular attraction, in 
passing from CD to AB, The fraction of the molecules that have an 
upward velocity component greater than this limiting value is given 
by the Maxwell distribution law (Art. 22); and from this fraction the 
number of such molecules reaching unit-area of the plane CD in unit 
time may be calculated, as shown in Prob. 10. The numbef of mole- 
cules that must be present in imit-volume of the vapor in order that 
there may impinge on unit-area of the plane AB in unit time a number 
of the molecules equal to that which escapes into the vapor is 
readily derived from the fundamental kinetic pressure h3^thesis, 
as has already been indicated in Art. 18. It is evidentiy this number 
that determines the vapor-pressure of the liquid at any temperature. 

The great effect of temperature on vapor-pressure is readily seen 
to be a consequence of these kinetic considerations. For it was 
shown in Art. 22 that the number of molecules which possess kinetic 
energies or velocities greater than any definite (relatively large) 
kinetic energy or velocity increases very rapidly with the temperature; 
thus this number at the two temperatures is represented in the figure 
of Art. 22 by the area l)dng beneath the two graphs, respectively, 
and to the right of an ordinate drawn at the definite value of the 
kinetic energy (for example, at the value K—2.0). 

The heat absorbed by the vaporization of a liquid at constant 
temperature is also accoimted for by these considerations. For, 
when any molecule (of mass m) passes from the liquid to the vapor, it 
evidentiy loses a quantity of kinetic energy equal to ^m Xi*; and cor- 
respondingly, when one mol of liquid (containing n molecules) vapor- 
izes, the S)rstem loses a quantity of kinetic energy equal to J nmxi\ 
consequentiy falls in temperature, and must absorb from the sur- 
roimdings an equal quantity of heat (or other energy) if it is to return 
to its initial temperature. That is, the increase in energy-content 
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^U attending the vaporization of one mol of liquid at constant 
temperature, is given by the expression 

AU = hiimxi\ 

A striking result of these kinetic considerations is that they lead (as 

shown at the end of Prob. 10) to the Clape3n:on equation, which was 

derived, entirely independently, from the laws of thermodynamics. 

*Proh, 10, — Kinetic Expression far the Vapor-Pressure of a Liquid, — 
a. It can be shown with the aid of Maxwell's distribution law that, of all 
the molecules ft contained in one mol, the fraction dn/a which have 
vdodty-components along any one of the three rectangular axes with 
values between x and x-\-dx ]s given by the expression 

dn 0.60 _^ , 
— = — - e 29^ ax, 
a u 

in which u denotes the square-root of the mean velocity-square. For- 
mulate an expression for the number {dn/vj) of such molecules in 
unit-volume of the liquid, representing its molal volume by ^/:. b. Derive 
the following expression for the number dni, of such molecules that strike 
unit-area of the plane CD in unit-time, noting that this number is 
equal to the number of them present in unit-volume multiplied by 
their upward velocity-component x and by a factor which represents 
the increase in the number of impacts on the plane resulting (as 
described in Art. 20) from the effect of the volume of the molecules, 
this factor being only a function of the molal volume of the liquid: 

dnt = 0.60 TTT-r - e ^ dx. 

c. By integrating this expression between the limits Xi and 00 , find an 
expression for the total number of molecules n^ striking the plane CD 
with a velocity-component greater than the critical one Xi (which 
barely permits their passage through the surface layer), d. By com- 
bining this result with the expression ^^^0.23 uH/vc (given in /ijt. 18) 
for the niunber of molecules ng that strike in unit-time a imit-area of a 
plane boimding a perfect gas having one mol (and therefore H molecules) 
in the volume Vc, derive the following expression: 

e. Derive for the vapor-pressure p the following expression, by re- 
placing ^G by the expression for it given by the perfect-gas equation: 

/. By multiplying both numerator and denominator of the exponent 
of by fim^ and noting that, as shown in the above text, A27 » \fimx?, 
and that, by Art. 19, \iifM^ ^RT, derive the expression: 
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g. Derive the approximate "*Clapeyron equation by differentiating 
the preceding equation with respect to T (regarding vl as constant), 
dividing the resulting differential equation by the original one, and 
transforming; noting that the heat AH absorbed by the vaporization of 
one mol of liquid at constant pressure and temperatiure is equal to the 
increase AU id. the ener^-coilBent of the system plus the work RT 
pCQduced in the surroundings, that is, that AH'^AU+RT. 
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n. SOLUTIONS IN GENERAL 

35. The Nature and Composition of Solutions. — A solution is a 
ph3^cally homogeneous mixture of two or more chemical substances; 
that is, one which has no larger aggregates than the molecules them- 
selves. Solutions thus defined may be gaseous, liquid, or solid; but 
only liquid solutions will be here considered. When one substance is 
present in large proportion it is caUed the solvent, and any substance 
present in small proportion is called a solute. 

In considering the equilibrium of s6lutions with the vapor or with 
the solid solvent, the term phase is conveniently employed. The 
phases of a S3^tem are its physically homogeneous parts, separated 
from one another by physical boundaries. Thus any gaseous mixture 
or any solution or any solid substance forms a single phase. A system 
may consist of any nimiber of such phases. Thus a solution in contact 
with its vapor, or with the solid solvent, or with the solid solute, is 
an example of a two-phase system. A solution in contact both with 
the vapor and the solid solvent is a three-phase system. 

The composition of solutions is often expressed in terms of the mol- 
fractions of the substances defined as in Art. 12. Thus, representing, 
as will be done throughout this chapter, quantities referring to the 
solvent by letters with the subscript zero, and those referring to the 
solute or solution by letters without subscripts, the moUfractions x 
and xo of the solute and solvent in a solution of two substances are 
defined by the equations x»N/(No+ N) and xq^ No/(Nq+ N), 
respectively. The proportion of solute may also be expressed in 
terms of the mol^atio N/ Nq. Composition is also expressed in terms 
of the number of formula-weights, of mols, or of equivalents, of solute 
in 1000 grams of solvent. Composition so expressed will be desig- 
nated the formaUty /, the molality c, or the weight-normality c, respec- 
tively, of the solute in the solution. The term formality wiU be re- 
ferred to the solute as a whole; but the terms molality and weight- 
normality ¥nll be used with reference to some definite chemical sub- 
stance. Thus, a solution containing o.i formula-weight of HsSOs in 
1000 g. of water is o.i formal (o.i f.) in H2SO8 (considered without 
reference to the chemical substances which it forms in solution); but, 
owing to partial ionization, this solution is 0.066 molal (0.066 m.) or 
0.132 weight-normal (0.132 wn.) in H^SOs, and 0.034 molal or 0.034 
weight-normal in H"*" or in HSOa". Composition wiU in this book be 
expressed in the terms of mol-fraction, mol-ratio, formality, molality, 
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or weight-normality, unless otherwise stated. Composition expressed 
in these ways has the advantage of being independent of temperature. 

It is sometimes convenient, however, to employ true concentrations, 
which term strictly denotes the quantity of substance per imit-volume. 
The number of mols of solute per liter of solvent (N/vo) is called the 
fndal concentration; and the solution is said to be x volume-molal in 
the solute. Thus a solution containing o.i mol of NHs in one liter of 
chloroform at 25** is o.i volume-molal (o.i vm.) in NHs at 25**; while 
it is 0.067s (weight) molal (0.0675 m.) in NH«, since 1000 g. of chloro- 
form have a volimie of 675 ccm. at 25^. In the case of aqueous solu- 
tions the molality and molal concentration evidently differ from each 
other in the same proportion that the density of water differs from 
unity; for example, by 0.3 percent at 25^ and 4.3 percent at 100®. In 
connection with certain properties, such as the electrical conductance 
of solutions, which are directly related to the volume of the solution 
(not of the solvent), there will be employed the form of concentration 
familiar in volumetric analysis, called normal concentration^ which is 
defined to be the number of equivalents of solute per liter of solution 
(N/v). Thus an aqueous solution containing i equivalent of sulfuric 
acid in one liter of solution at 25^ is i normal (i n.) in H2SO4 at 25^; 
whereas this solution may be calculated with the aid of density data 
to be 1.020 weight-normal in H2SO4 at any temperature. 

With reference to the proportions in which the substances are 
present, two groups of solutions may be distinguished: dilute solutions^ 
those in which the mol-fraction of the solute is small (not greater than 
o.oi or 0.02); and concentrated solutions, those in which each sub- 
stance is present in considerable proportion. There is, of course, no 
sharp line of demarcation between these two groups of solutions. 

Some types of concentrated solutions and all dilute solutions con- 
form approximately — more closely as the mol-fraction of the solute 
approaches zero — to certain laws, which, in analogy with the laws of 
perfect gases, may be called the laws of perfect solutions. The fimda- 
mental laws relating to the physical properties of perfect solutions are 
the vapor-pressure laws of Raoult and Henry, the corresponding laws 
of distribution between liquid phases, and t^ laws of the osmotic 
pressure of solutions. To consideration of thm laws this chapter is 
mainly devoted. 
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in. VAPOR-PKESSURE AND BOILING-POINT OF PERFECT SOLUTIONS 

WITH ONE VOLATILE CX)MPONENT 



36. Raoult's Law of Vapor-Pressure Lowering. — Raotfifs law, 
referred to above as one oLthe. fundamental laws of perf^cx solutions, 
states that the addition 01 absolvent causes at any^mperature a 
fractional lowering of the vapor-pressure of the ^6lvent equal to the 
mol-fraction (x) of the solute. That is: 

po-p ^ N ^ 
Po No+N ^' 

where Po is the vapor-pressure of the pure solvent and p is its vapor- 
pressure in a solution consisting of N mols of solute and No mols 
of solvent. In this expression No is equal to the weight mo of the 
solvent divided by its molecular weight Afo in the vapor, and N is 
equal to the weight m of the solute divided by its molecular weight 
M in the soltdion. The value of Mo is ordinarily that corresponding 
to the'molecular formula of the solvent; for, as stated in Art. 14, the 
molecular formula is conmionly so written as to represent the molecular 
weight of the substance in the state of a perfect gas. 

In the case of very dilute solutions the mol-fraction N/{No-¥N) 
is evidently equal to the mol-ratio N/No; ami even in the case of 
moderately dilute solutions the mol-fraction may be replaced by the 
mol-ratio without causing appreciable error. 

Although Raoult's law is exact only in the case of perfect solutions, 
it holds true approximately for all dilute solutions (usually within 
one or two percent up to a mol-fraction of 0.02), and for some con- 
centrated solutions, as will be described in Art. 41. 

The application of Raoult's law to solutions of moderate concentra- 
tion affords an important method of determining the approximate 
molecular weight and the molecular composition of dissolved sub- 
stances, as illustrated by the following problems. 

Determination of Molecular Weights and Molecular Composition. — 
Prob, II, — At 30** the vapor-pressure of ethyl alcohol (CjHfiOH) is 
78.0 mm., and that of an alcohol solution containing 5% of a non- 
volatile substance is 75.0 mm. What is the molecular weight of the 
substance? 

Prob. 12. The experiment described in Prob. 2, Art. 31, was repeated, 
using in place of pure carbon bisulfide a^ 8.09%^ solution of sulfur in 
carbon bisulfide. 2.902 g. of carbon oisuifi^were foimd to have 
vaporized. Calculate the molecular wei^ ofthe sulfur, and find its 
molecular formula. 
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Raoult's law may also be stated in the following simple form, which 
indicates more clearly its real significance: the vapor-pressure {p) of 
the solvent in a perfect solution is proportional to its mol-fraction 
(jcb) ; that is, representing by ^o the vapor-pressure of the pure solvent, 

Prob. 13. — Mathematical Equivalence of the Two Forms of Raotdfs 
Law. — a. Show that the two statements of Raoult's law are mathe- 
matically equivalent, h. Show that the second statement of the law 
requires that the proportionality-factor be the vapor-pressure of the 
piue solvent, as is assumed in the mathematical expression of it. 

Raoult's law relates fundamentally to the distribution between the 
liquid phase and vapor phase of the chemical substance whose partial 
pressure in the vapor is under consideration. In other words, from 
the molecular standpoint, it relates to the distribution of the kind 
of molecules which give rise to this partial pressure. It shows that 
the number of these molecules which are present in unit-volume of the 
vapor when equilibrium has been reached is proportional to the ratio in 
the liquid of the number of this kind of molecule to the total number 
of molecules of all kinds. Moreover, since this molecule-ratio is unity 
in the case of a solvent which consists solely of the kind of molecule 
under consideration, the proportionality-factor in this case is obvi- 
ously the vapor-pressure of the pure solvent. It can be shown with 
the aid of the mass-action law that this is true also in the case that 
the solvent consists mainly of associated molecules (such as H40^) 
and contains only a small proportion of the simple molecules (such as 
HiO) of which the vapor consists. 

When the vapor contains two or more kinds of molecules, owing to 
partial association of the simple solvent molecules or to the fact that 
the solute has an appreciable vapor-pressure, it is evident from these 
considerations that p and ^0 in the Raoult equation denote, not the 
total vapor-pressures of the solution and solvent respectively, but the 
partial vapor-pressures due to the simple molecules. 

*The above-given forms of the Raoult equation also presuppose 
that the vapor conforms to the perfect-gas law. Fimdamentally 
Raoult's law expresses the tendency of the solvent to escape from 
the solution, and it should therefore be independent' of the equation 
of state of the vapor. It can be shown by thermodynamic considera- 
tions that the sunple Raoult equation can be corrected for the devia- 
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tion of the vapor from the perfect-gas law when this is expressed 
(as in Art. 15) by the equation pv = NRT (i + ap) by modifying it 
by the addition of another factor so that it assumes the following 
form, which will be called the corrected RaouU equation: 

p=^poXoe'^-'^^=poXo[i+a(po-p)+W(po-py . . .]. 
37. Relation of Boiling-Point Raising to Vapor-Pressure Lowering 
and Molal Composition. — A relation between the increase in the 
boiling-point and the decrease in the vapor-pressure of a solvent 
produced by a non-volatile solute can be derived from the effect of 
temperature on the vapor-pressure of the solvent in the way shown 
in the following problems. 

Calculation of Boiling-Point Raising from Vapor-Pressure Lowering, — 

Prob. 14. — a. What is the vapor-pressure in mm. of a solution at 

100^ containing 5 g. of glucose (CaHuOe) in 100 g. of water? b. What 

is its boiling-point? Its vapor-pressure at 100^, like that of water, 

increases 3.58% per degree. 

Prob. J 5, — The vapor-pressure of ethyl alcohol is 721.5 mm. at 77®, 
751.0 at 78**, 781.5 at 79®, and 813.0 at 80°. a. Plot on a large scale 
these vapor-pressures as ordinates and the temperatures as abscissas. 
Calculate the vapor-pressures at 78, 79, and 80^ of a solution consist- 
ing of 2 mols of a non-volatile solute and 98 mols of alcohol, and of one 
consisting of 4 mols of solute and 96 mols of alcohol ; and plot these values 
on the diagram, b. With the aid of the diagram find the boiling-points 
at I atm. of pure alcohol and of the two solutions, c. Show from the 
geometrical relations of the diagram that the raising of the boiling- 
point is proportional to the lowering of the vapor-pressure at the boil- 
ing-point of the solvent, in the case of dilute solutions (for which the 
graphs may be considered to be parallel straight lines), d. Show from 
the geometrical relations that the ratio of the lowering of the vapor- 
pressure to the raising of the boiling-point, caused by adding the solute, 
is equal to the ratio of the increase in the vapor-pressure of the solvent 
caused by increasing the temperature to the increase in temperature, 
in the case of dilute solutions (for which the graphs may be considered 
straight lines). 

Representing by T— To the raising of the boiling-point, and by 
pQ—p the lowering of the vapor-pressure, produced by increasing the 
mol-fraction of the solute from o to x, and representing by ApolATothe 
rate of change of the vapor-pressure of the solvent with the tempera- 
ture, the relations derived in the preceding problem for dilute solu- 
tions may be expressed by the equation: 

^r ^ T^" > or i — i = TTTT '^ W 
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ATo .. .. , . ., dT 



The quantity . . evidently corresponds to the quantity .. / . 

in the approximate Clapeyron equation, and it is therefore equal to 

RT * '*' 

— =7^ , where AHq denotes the molal heat of vaporization of the solvent 

AHq 

at its boiling-point To. The relation between boiling-point raising 

and fractional vapor-pressure lowering is therefore also given approxi- 
mately by the expression: 

AHo Po 
By combining the expressions just derived with Raoult's equation 
for vapor-pressure lowering there may evidently be obtained the 
following relations between the raising of the boiling-point (r— To) 
and the mol-fraction x of the solute: 

*The preceding equations become exact only when infinitesimal 
changes in temperature, vapor-pressure, and mol-fraction are con- 
sidered; for only in that case are the graphs in the diagram of Prob. 15 
from which these equations were derived strictly paraUel straight 
lines. It will be seen from the diagram that the following differential 
equation, corresponding to equation (i) above, holds true for any 
solution with a non-volatile solute having any mol-fraction x: 

(S).-(f).0. <*> 

♦From this equation there can be derived, as shown in Prob. 16, by 
substituting for the last two partial derivatives the expressions for 
them given by the Clapeyron equation (Art. 33) and the Raoult equa- 
tion (Art. 36), the following equation: 

AH (i-«) ^^^ 

In this equation dT represents the raising in the boiling-point T 
caused by increasing the mol-fraction of the solute from x to x+dx, 
and AH represents the heat absorbed in vaporizing one mol of solvent 
at the temperature T out of an infinite quantity of the solution (since 
it can be shown to have this significance when the Clapeyron equation 
is applied to vaporization out of a solution). 
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*Prob. i6. — Boiling-Point of Solulions Conforming to Raoult*s Law 
at Any Concentration, — a. State in words what each of the partial 
derivatives in eqiiation (4) signifies, b. Find from the exact Clapeyron 
equation (neglecting the volume of the liquid) and from the corrected 
Raotilt equation (given at the end of Art. 36) expressions for the last 
two of these partial derivatives, respectively, c. By substituting 
these expressions in the partial derivative equation, and simplif3dng 
it with the aid of the equation of state pv^RT (i+ap)^ derive the 
expression for the boiling-point raising formulated as equation (5). 

^Equation (5) holds true even when the saturated vapor of the 
solvent does not conform to the perfect-gas law, as shown by its 
derivation. It can be integrated (as in Prob. 17), usually with 
negligible error, under the assumption that AH does not vary with 
the temperature or with the mol-fraction of the solute, and that 
therefore it has the same value as the molal heat of vaporization A^To 
of the pure solvent at its boiling-point. 

*Prob, ly. — Integration of the Boiling-Point Equation, — a. Inte- 
grate equation (5) given in the text, assuming that the heat of vaporiza- 
tion does not vary with the temperature or the mol-fraction of the 
solute, so as to obtain a relation between the boiling-point of the solu- 
tion, the boiling-point of the pure solvent, and the mol-fraction of the 
solute, b. Calculate the boiling-point of a solution consisting of 10 
mols of a non-volatile solute and 90 mols of benzene. The heat of 
vaporization of one gram of benzene at its boiling-point 80.3^ is 93.0 cal. 

*For small values of x and for the correspondingly small changes 
in the boiling-point T equation (5) may be integrated imder the 
assumption that i —x is equal to unity and that T is constant and 
equal to To, and there then results equation (3), previously derived 
for dilute solutions, namely: 

rrp RTq 

"~ i ** — =^ *• 

The quantity ■ — -^ or — J- occurring in equation (3) is evidently 

dpo/Po AHq 

a constant characteristic of the solvent. Representing this quantity, 

which may be called the boiling-point constant, by a single letter J^o^ 

and noting that the mol-fraction x approaches the mol-ratio N/Nq as 

its value approaches zero, the law of boiling-point raising for perfect 

solutions may be expressed by the equation: 

N 

T*— To = Bo -jrr-. (6) 

iVo 
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It is evident from this equation that the boiling-point constant 
Bo is the ratio of the boiling-point raising to the number of mols of 
solute which are associated with one mol of solvent; or, briefly, it is 
the boiling-point raising per mol of solute in one mol of solvent. It 
can be experimentally determined by measuring the rise in boiling- 
point produced by dissolving a definite weight of a solute of known 
molecular weight in a definite quantity of solvent. It can also, of 
course, be calculated from the change of vapor-pressiu'e of the solvent 
with the temperature or from the molal heat of vaporization of the 
solvent by the above-given expressions. There are, accordingly, 
three kinds of data with the aid of which the boiling-point constant 
can be evaluated, as illustrated in Prob. i8. 

In chemical literature is commonly recorded, not this boiling-point 
constant, but another constant, caUed the molal baiUng-poitU raising, 
which is the boiling-point raising per mol of solute in looo grams of 
solvent. The value of this constant can obviously be readily calcu- 
lated from that of the boiling-point constant (as in Prob. 19). 

Prob. 18. — Methods of Determining the Boiling-Point Constant. — 
Calculate the boiling-point constant for ethyl alcohol from the following 
data. a. The heat of vaporization of one gram is 206 cal. at the 
boiling-point 78.3^. b. Its vapor-pressure has the values given in 
Prob. 15. c. The boiling-point of a solution of i g. of naphthalene 
(CioHs) in 50 g. of alcohol is 0.185^ higher than that of pure alcohol. 

Prob. ig. — Relation between the Boiling-Point Constant and the Molal 
Boiling-Point Raising. — a. Calculate the molal boiling-point raising 
for water from its boiling-point constant, b. Formulate the algebraic 
relation between the two constants. 

The following table contains the values of the constants for a few 

important solvents. 

BonJNO-PoiNT Constants 

W^Ur Ethyl tOur Ethyl aUoM Bmamt 
H1O CiHuO CtHyOB C%B% 

Boiling-point constant . . 28.6 28.5 25.8 34.0 

Molal boiling'point raising 0.515. 2. 11 1.19 2.65 

38. Determination of Molecular Weights. — From the value of 
either of the boiling-point constants for a given solvent there may be 
calculated by direct proportion the number of mols pf solute corre- 
sponding to any observed raising of the boiling-point, ^e law of 
boiling-point raising, like lUo^ilt's law from which it has been derived, 
therefore makes it possible to determine the molecular weights of 
substances in solution. 
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DeUrminaHon gf Molecular Weight and Molecular ComposUian. — 

Prob. 20. — a. When 10.6 g. of a substance are dissolved in 740 g. of 
ether (CJIk^), its boiling-point is raised 0.284^. What is the molec- 
ular weight of the substance? b. The substance is a hydrocarbon 
containing 90.50% of carbon. What is its molecular formula? 

Prob, 21. — A solution of 3.04 g. of benzoic acid in 100 g. of ethyl 
alcohol boils 0.288^ higher than piu-e alcohol. A solution of 6.34 g. of 
benzoic add in 100 g. of benzene boils 0.696^ higher than pure benzene. 
Calculate the molecular weight of benzoic acid in each of these solvents, 
and state what the results show in regard to its molecular formula in 
each solvent. Its composition by weight is expressed by CsHfCOiH. 

The molecular weights of substances are ordinarily foimd to be the % 
same in the dissolved state as in the gaseous state; but hydroxyl com- ', 
poimds (such as the alcohols and organic acids) form in non-oxygen- / 
ated solvents (such as benzene or chloroform) double or even more 
highly associated molecules. This indicates that the molecules of hy- 
droxyl compoimds are associated also in the state of piu-e liquids. 
Oxygenated solvents (such as water, alcohols, acetic acid, ether, and 
acetone) have the power of breaking down these associated molecules 
into the simple ones; and in such solvents nearly all organic substances 
have the same molecular weight as in the gaseous state. 

39. Partial Vapor-Pressure of Volatile Solutes. Henry's Law. — 

In addition to Raoult's law, which relates to the vapor-pressure of 
the solvent in a perfect solution, there is another fundamental law 
which relates to the vapor-pressure of the solute in such a solution. 
This law, known as Henry's Law, may be stated as follows. The 
partial vapor-pressure of any chemical substance present in small 
proportion in a solution is proportional to its mol-fraction. That is, 

p = kXj 

where i is a proportionality-constant dependent on the nature of the 
solute and of the solvent and on the temperature. 

Prob, 22, — Application of Henry's Law and Raoult's Law. — The 
total vapor-pressure of a solution containing 3.00% by weight of ethyl 
alcohol (CiHfiOH) in water is 760 mm. at 97.11**, and the vapor-pressure 
of pure water at this temperature is 685 nmi. Calculate with the 
help of Raoult's law and of Henry's law the vapor-pressures at 97.11** 
of ethyl alcohol and water in a solution containihg 2.00 mol-percent tf 
ethyl alcohol. Ans. 139 nun. for dHsOH. 

Henry's law may also be expressed in the following form, which 
makes it more obvious that it is a law of equilibrium which determines 
the distribution of the solute between the solution and a gaseous 
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phase, and which incidentally expresses the composition of the solution 
in terms either of molality or of molal concentration (defined as in Art. 
35), instead of as mol-fraction. Any chemical substance present as a 
perfect gas in a vapor phase and as a solute in a perfect solution in 
equilibrium with it has at any definite temperature a molality or 
molal concentration c in the solution which is proportional to its 
(partial) pressure p in the gaseous phase. That is, 

c/p^K, 
where J? is an equilibrium-constant which is determined by the nature 
of the chemical substance and of the solvent and by the temperature. 
The equilibrium concentration c is the sohMlUy of the substance when 
its partial pressure in the gas phase is p^ and the equilibriimi- 
constant K may be called the solubility-consUifU of the gaseous sub- 
stance in the solvent. Henry's law is therefore a law of the 
solubility of gases. 

This second form of Henry's law is for perfect solutions equivalent 
to the first form. For, on the one hand, the mol-fraction N/ Nq+N), 
as it approaches zero, becomes equal to the mol-ratio N/ No, and this 
is evidently proportional to the molality (1000 iV/ nh) or to the molal 
concentration (N/vq); and^Qn_tfie other hand, the vapor-pressurejoLa^ 
substance in a solution is equal to its partial pressure in a gaseous 
phase"that is in equilibrium with the solution. 

Henry's law in either of its two forms is conformed to more closely 
as the pressure of the gas and the concentration of the solute approach 
zero. Like the other laws of perfect solutions, it usually holds true 
within 2 to 3 percent, even when the pressure is one atmosphere and 
the concentration i molal. 

It is to be noted that Henry's law expresses conditions of equi- 
librium, and that these conditions are often attained between a gaseous 
and liquid phase only by long-continued intimate contact. 

From a molecular standpoint, Henry's law, like Raoult's law, relates 
to the distribution of some definite kind of molecule between the gas 
phase and the liquid phase. Hence in applications of it the same 
chemical substance in the two phases must be considered. Thus, when 
the chemical substance SQs dissolves in water it is largely converted 
into HsSOs and its ions H"*" and HSOs"; and Henry's law therefore 
requires, not that the total concentration of solute in the solution, but 
that the concentration of the SQ2 itself, be proportional to the partial 
pressure of the SQs in the vapor. When, however, the only change in 
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the substance is that it partially combines with the solvent forming a 
sohaU (a hydrate in the case of water), then the total concentration 
may be employed; for the fraction solvated is in dilute solution in- 
dependent of the concentration of the substance, as may be shown 
by the mass-action law. Thus, though the substance COt on dissolv- 
ing in water is partly converted into the hydrate H2CQ8 (which is sub- 
stantially unionized, except at very small concentrations), yet the 
solubility of carbon dioxide gas, as foimd by determining the total 
quantity dissolved, changes with the pressure in accordance with 
Henry's law. 

These considerations also show that in appl3dng Henry's law the 
partial pressure of the chemical substance in the gas phase, not the total 
pressure of the gas, must be considered. Thus the quantity of carbon 
dioxide dissolved by water in contact with air is not determined by the 
pressure of the air, but by the partial pressure of CQs in the air. 

Prob. 23. — Determination of the Vapor-Pressure cf Solutes. — A 
mixtiure of air and ammonia containing i mol-percent of NHt is passed - 
at 25^ and i atm. through water. The saturated solution is found by 
titration to be 0.553 formal in NH4OH. Calculate the partial vapor- 
pressure of NH« in a X formal solution at 25^. The vapor-pressure of 
water at 25° is 23.8 mm. 

Solubility cf Gases in Water, — 

Proh, 24. — In a gas buret over mercury 60 can. of dry carbon 
dioxide at 25** and i atm. are placed, 40 ccm. of water are introduced, 
and the gas and water are ^aken together at 25^ till equilibrium is ^ 
reached, keeping the pressure on the gas i atm. The volmne of the 
(moist) gas is then found to be 28.9 ccm. Calculate the molal solubility 
' of carbon dioxide in water at 25^ when its partial pressure is i atm., 
neglecting effects that influence the result less than 0.5%. Ans, 0.0338. 

Prob. 25, At 20** 100 g. of water dissolve 3.4 ccm. of oxygen, 1.7 ccm. 
of nitrogen, and 3.8 ccm. of argon when the pressure of each gas is i atm. 
a. Calculate the corresponding molal solubility of each gas. b. Calcu- 
late the mol-fraction of each constituent in the gas-mixture obtained 
by shaking water at 20^ with air (free from COi), expelling the dissolved 
gas by boiling and drjdng it. Tabulate the molal composition of this 
gas with that of air (^ven in Art. 12). Ans. b, 0.34 for Qi. 

Prob. 26. — Determination of the State of Substances in Solution. — 
The partial vapor-pressure of NHt in an aqueous solution 0.3 formal in 
NHj and o.i formal in AgNOi is at 25^ equal to that in a o.i formal 
solution of NH« in water. State and explain the conclusion that can 
be drawn as to the formula of the complex^t formed, considering all 
the silver nitrate to be combined with ammonia, and assuming that the 
solubility-constant of the NHt is not affected by the silver salt. 
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Aside from any chemical action, the addition to the water of a salt 
commonly decreases the solubility of a volatile substance at a given 
pressure in the gas phase; or conversely, it increases its vapor-pressure 
at a given concentration in the solution. This phenomenon, which is 
known as the saUing-otU effect^ is subject to the following principles: 

(i) The decrease of the solubility-constant is approximately pro- 
portional to the concentration of the added salt, up to concentrations 
not much exceeding i normal. 

(2) The fractional decrease per equivalent of salt per 1000 grams of 
water is roughly the same for a definite salt, whatever be the nature of 
the solute. 

(3) This fractional decrease varies greatly with the nature of the 
salt; thus the decrease caused by o.i equivalent of salt per 1000 
grams of water varies from about zero in the case of barium nitrate to 
about 4 percent in the case of potassium and sodium sulfates. 

Proh. 27. — The SalHng-ota Effea. — The solubility (that is, the 
concentration of the saturated solution) of carbon dionde at 25^ and 
I atm. is 0.0338 molal in pure water and 0.0331 in a i normal NaCl 
solution. The vapor-pressiure of ammonia from a 0.5 molal solution of 
it in water at 25*^ is 6.65 mm. Predict from the principles of the salting- 
out effect the ammonia vapor-pressure for a solution 0.5 molal in NH| 
and 0.5 normal in NaCL 
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IV. VAPOR-PRESSURE AND BOILING-POINT OF CONCENTRATED 
SOLUTIONS WITH TWO VOLATILE COMPONENTS 

40. The Vapor-Pressure of Concentrated Solutions. — Concentrated 
solutions may be divided for purposes of consideration into two groups 
as follows. One group consists of those solutions whose formation 
out of their pure components (when these are liquid) is not attended 
by any considerable change of temperature or volume, and whose 
properties in general are approximately the sum or average of those 
of the pure components. The characteristic of such solutions is that 
neither component exerts a specific influence on the properties of the 
other component. Such solutions conform approximately — more 
closely as the condition chara:cterizing them is more nearly fulfilled — 
to the laws of perfect solutions. Concentrated solutions which are 
considered to conform to these laws may be called concentrated perfect 
solutions. The other group of concentrated solutions consists of those 
whose components exert a marked influence upon one another. For 
these solutions no general laws are known. 

The method commonly employed for experimentally determining 
at any definite temperature the partial vapor-pressures of solutions 
consisting of two or more volatile components is to distil off a small 
fraction from a large volume of the solution, adjusting the pressure 
on the liquid so that it boils at this temperature. The composition 
of the distillate is then determined by chemical analysis or by the 
measurement of some physical property, such as density; and from 
this composition and the pressure under which the distillation took 
place the partial vapor-pressures are calculated by Dalton's law. 

Prob. 28. — Experimental Determination of Partial Vapor-Pressures. — 
A solution of two substances AandB containing iVAmols of A and iVs 
mols of B boils at the temperature T when a pressure p is exerted 
upon it. The first portion of distillate consists of NjJ mols of A and 
Nb mols of B. Derive an algebraic expression for the partial vapor- 
pressures Pa and Pb of the two substances in the solution, explaining 
the principles involved. 

41. Vapor-Pressure and Boiling-Point of Concentrated Perfect 
Solutions in Relation to their Molal Composition. — In concentrated 
perfect solutions the vapor-pressure of each component conforms 
approximately to Raoult's law. In other words, the partial vapor- 
pressure of each component is approximately equal to the product 
of its mol-fraction in the solution by its vapor-pressure in the pure 
state, whatever be the proportion in which the components are present; 
that is, Pa =Pqa «a> Pb=Pob i»B, • . • 
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ProL 2g. — Vapor 'Pressure-Composition Diagram for Perfect Solu- 
tions. — At 50** the partial vapor-pressures of benzene and of ethylene 
chloride in solutions of these two substances have been found experi- 
mentally to have the following values: 

Mot-fraction 
of(UB% 

1. 000 

0.707 
0.478 
0.246 
0.000 

a. Plot on a large scale these partial vapor-pressures, and the corre- 
sponding total vapor-pressures, as ordinates against the mol-fractions 
as abscissas. Show that the three graphs are in almost complete accord 
with Raoult's law. h. Calculate the mol-fraction of benzene in the 
vapor which at 50^ is in equilibriimi with each of the three solutions 
for which the data are given in the above table, c. On a new larger- 
scale vapor-pressure-composition diagram (with ordinates covering only 
the interval of 230-270 mm.) draw a line showing the variation of the 
total V24x>r-pressure with the mol-fraction of the liquid mixture. Plot 
also on this diagram the compositions of the vapor calculated in b 
against the total vapor-pressures, considering that the abscissas now 
represent the mol-fraction of benzene in the vapor: 

Prob, JO, — Distillation at Constant Temperature of Perfect Solutions. — 
At 50^ a small fraction is distilled off from a large volume of a solu- 
tion containing equimolal quantities of benzene and ethylene chloride, 
and this distillate is redistilled at 50^. Derive from the diagram of 
Prob. 29 the mol-fraction of benzene in the first part of the second 
distillate. Ans, 0.56. 



*The boiling-point of a solution that contains two volatile components 
whose partial vapor-pressures both conform to Raoult's law can best 
be derived graphically from the vapor-pressures of the pure substances, 
as illustrated by the following problem. 

"^Prob, 31, — Boiling'PoinP-Composition Diagram for Perfect Solutions, 
The vapor pressure at ... . 80**, ^^^^ 86®, 89**, 92® 
of a pure liquid A is . . . 560, 610, 665, 725, 790 mm. 

and of a pure liquid B is . . 400, 435, 475, 520, 570 mm. 

a. With the aid of these data and Raoult's law, draw on a large-scale 
vapor-pressure-<:omposition diagram for each temperature two lines — 
one representing the total vapor-pressure of any solution of A and B; 
and the other representing the partial vapor-pressure of A above any 
solution, b. Determine from the plot the composition of the liquid 
which at 570 mm. boUs at each of these temperatures; also the composi- 
tion of the vapor which is in equilibrium with each of these solutions at 



( 



VAPOR'PRESSUKE AND BOILING-POINT 69 

its boiling-point. Determine also the boiling-point of the pure liquid A 
at 570 mm., and tabulate all of these results, c. On another large- 
scale diagram plot against these liquid-compositions the boiling-points 
as ordinates. Plot also the vapor-compositions against the correspond- 
ing boiling-points. 

DisliUation at Constant Pressure of Perfect Solutians, — 

*iVoft. 32. — A solution of 100 mols of each of the liqmds of Prob. 31 is 
distilled at 570 mm. until its boiling-point rises 0.5^. a. Find from the 
diagram of Prob. 31c the molaJ compositions of the first and last por- 
tions of the distillate. 6. Regarding the composition of the whole 
distillate as the mean of that of its first and last portions (which is 
approximately true when only a small fraction of the liquid distils over), 
calculate the number of mols of A and of B in the distillate and in the 
residue, c. The distillation of the residue is continued till its boiling- 
point rises 0.5^ more. Calculate as in 6 the number of mols of A and 
B in this second distillate and in the residue. J. Tabulate the number 
of mols of A and B in the original liquid, the first distillate, the second 
distillate, and the final residue; the mol-fraction of A in each of these 
liquids; and the boiling-point of each of them. Ans, b, 52 mols of A, 
and 63 mols of B in the residue. 

*Prob. 33. a. The first distillate obtained in Prob. 32a is redistilled 
until the residue attains the composition of the second distillate ob- 
tained in Prob. 32c. Find the mol-fraction of A in the new distillate and 
its boiling-point, h. The residue is now mixed with the second distil- 
late obtained in Prob. 32c, and the distillation is continued till the 
residue has the composition of the residue obtained in Prob. 32c. Find 
the mol-fraction of A in the distillate thus obtained and its boiling- 
point, c. Tabulate the composition and the boiling-point of the 
original equimolal solution and of the three fractions into which it has 
now been resolved. Ans, b, mol-fraction, 0.55; boiling-point, 85.5^. 

The foregoing considerations show that any perfect solution sub- 
mitted to distillation resolves itself into a distillate containing a 
larger proportion, and into a residue containing a smaller proportion, 
of the more volatile component. It is evident that, in consequence 
of this behavior, the two components can be completely separated 
from each other by repeated fractional distillation, carried out as 
illustrated by Probs. 32 and 33. 

42. Vapor-Pressure of Concentrated Solutions in General in Rela- 
tion to their Composition. — There are comparatively few actual 
solutions which fulfil strictly the criterion stated in Art. 40 of being 
formed out of their components without any change of temperature 
or volume; and correspondingly, comparatively few concentrated 
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solutions confonn completely to Raoult's law of perfect solutions. 
The law is therefore to be regarded as a limiting law, from which actual 
solutions deviate to an extent which is as a rule roughly indicated 
by the magnitude of the changes of temperature and volume attending 
the mixing of the components. 

The data given below illustrate the magnitude of the deviations 
from the law for a variety of solutions. The first two columns of 
figures show the change of temperature and the percentage change 
of volume which result when equimolal quantities of the two sub- 
stances at the same temperature are mixed. The last three columns 
show the percentage difference between the observed values of the 
partial (or total) vapor-pressures of the equimolal solution and those 
calculated by Raoult's law; namely, the values of the vapor-pressure 

ratio IOO(^ob8.— ^calc.)//>calc. 

Deviations from Raoult's Law 
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The character of the deviations from Raoult's law can be best 
appreciated by considering their causes from molecular and kinetic 
view-points. It has already been seen (in Art. 34) that the vapor- 
pressure of a solvent is determined primarily by the proportion of its 
molecules which at any temperature acquire an outward velocity 
sufficient to overcome the inward attraction of the other molecules 
and thus escape through the surface layer into the gas phase. Con- 
sider now the different conditions that may result when another sub- 
stance B is added to the solvent A. 

* 

(i) In case the B molecules exert upon the A molecules the same 
attraction as the' A molecules exert on one another, the attraction 
upon the A molecules in the mixture, and hence their escaping velocity, 
will be the same as in the pure solvent, the proportion of them that 
acquire this escaping velocity will be the same, and the absolute 
number of them ^^^lich escag^ will be diminished only in the proportion 
in which the proportion of A molecules in the liquid is reduced. In 
this case, therefore, the vapor-pressure of A will be directly propor- 
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tional to its mol-fraction, as Raoult's law requires; and little if any 
heat-effect or volume change will take place on mixing the components. 

(2) In case the B molecules exert upon the A molecules a smaller 
attraction than they exert upon one another, the escaping velocity 
will be smaller and the proportion of the A molecules that acquire 
this velocity will be greater in the solution than in the pure solvent; 
and correspondingly the vapor-pressure of A will be greater than 
Raoult's law requires. In this case the mixing of the two components 
will be attended by an increase in volume and a fall in temperature 
(due to the expansion and attendant separation of the molecules in 
opposition to their attraction). 

(3) In case the B molecules exert upon the A molecules a greater 
attraction than the latter exert on one another, the opposite effects 
to those just considered will evidently result. 

(4) In case the B molecules form with the A molecules a chemical 
compoimd (such as AB, AsB, or ABs), the fraction of A molecules in 
the liquid is decreased, not only as always by the presence of the new 
molecules, but in this case also by the conversion of some of the A 
molecules into those of the compound. This will evidently result in a 
smaller vapor-pressure than Raoult's law requires. In this case an 
evolution of heat and diminution of volume may be expected, since 
the synthetic formation of chemical compounds is usually attended 
by these effects. 

(5) In case the simple molecules A of the solvent are partially 
associated, to form double or more complex molecules, such as A2 or 
A«, some of the latter will be dissociated, in accordance with the 
mass-action law, when the solvent is diluted by the addition of the 
substance B, and the partial pressure of the simple A molecules in the 
vapor will be correspondingly increased. In this case, a fall in tempera- 
tiu-e may be exf)ected, since dissociation is commonly attended by 
absorption of heat. 

The foregoing considerations are not of a quantitative character; 
and on the chemical effects described in (4) and (5) may be super- 
posed the physical effects mentioned in (2) and (3). These molecular 
considerations, however, often assist in interpreting the vapor-pressure 
of mixtures. 

Prob, 34, — Molecular Explanations of the Deviations from Raoult*s 
Law, — Suggest the most probable molecular explanation of the be- 
havior of each of the mixtures for which data are given in the above 
table, taking into account all the foregoing considerations. 
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Proh, 35, — Compound FormaHan Derived from the Vapor-Pressure 
Relations. — At 35.2** the vapor-pressure of acetone, (CHj)tCO, is 
345 mm. and that of chloroform, CHCU, is 293 mm. In a 50 mol- 
percent mixture of these substances the vapor-pressure of the acetone 
is 141 mm. and that of the chloroform is 113 mm. Assimiing that the 
apparent deviation from Raoult's law is wholly due to the formation 
of a non-volatile compound (CHi)sCO.CHCli, calculate the mol-percent 
of this compound and the mol-percents of uncombined (CHt)iCO and 
CHCU, a, from the vapor-pressures of the acetone; and 6, from those 
of the chloroform. Ans, (CHs)iCO.CHCU: a, 18.2, h^ 22.8. 

In connection with the deviations from Raoult's law it should be 
borne in mind that, as the mol-fraction of any component approaches 
unity, so that the solution becomes dilute with respect to the other 
component, its partial vapor-pressure always approaches that re- 
quired by Raoult's law, and the partial vapor-pressure of the other 
component conforms to Henry's law, however great the deviation 
may be when both components are present in large proportion. 

Vapor-pressure-composition diagrams for solutions whose com- 
ponents do not conform to Raoult's law can be constructed only with 
the aid of experimentally determined data. By reference to such 
diagrams the behavior of the solutions when submitted to distillation 
at constant temperature can be predicted. 

Proh, 36. — Construction of Vapor-Pressure-Composition Diagrams. — 

a. Draw on a large-scale diagram vapor-pressure curves representing 
the partial vapor-pressure at 35.2^ of carbon bisulfide and of acetone in 
solutions of these components throughout the whole range of composi- 
tion. Assume that Raoult's law and Henry's law hold with this pair 
of components up to 5 mol-percent; and make use of the following 
values in millimeters of the vapor-pressures at 35.2**; 

Mol-percent of CSs o i 20 40 60 80 99 100 

Vapor-pressure of CS» o 17.8 274 377 425 460 — 518 

Vapor-pressure of (CHi)2C0 353 — 289 255 228 187 20.1 o 

b. On the same diagram draw a curve representing the total vapor- 
pressures of the solutions. Draw on the diagram dotted lines showing 
what the partial and total vapor-pressures would be if the solutions 
behaved as perfect solutions, c. Calculate the mol-percents of CSs in 
the vapor in equilibrium with the 5, 20, 40, 60, 80, and 95 mol-percent 
liquid solutions; and on the same diagram plot these vapor-compositions 
against the total pressures and draw a dotted line through the points. 

43. Boiling-Point of Concentrated Solutions in General in Relation 
to their Composition. — The boiling-point-composition diagrams for 
solutions whose vapor-pressures do not conform to Raoult's law can 
be based upon direct experimental determinations of the boiling-point 
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of solutions of known composition and upon analyses of the correspond- 
ing distillates. All that can be done, in the way of generalization, is 
to consider the different types of curves to which different pairs of 
substances conform. The figure shows the three types of curves 
exhibited by substances miscible in all proportions. In each case 
the solid curve shows the compositions (expressed as mol-fractions) 
and corresponding boiling-points of the liquid solutions at one atmos- 
phere; and the broken curve shows the composition of the vapor that is 
in equilibrium with these solutions. Thus any point on a broken curve 
represents the composition of the vapor of the liquid solution whose 
point lies in the same horizontal line. 
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Curve I is the experimentally determined curve for solutions of 
carbon tetrachloride (b. pt., 76.7®) and carbon bisulfide (b. pt., 
46.3*). Curve n is that for solutions of acetone (b. pt., 56.2**) and 
chloroform (b. pt., 61.3**). Curve III is that for solutions of acetone 
(b. pt., 56.2*) and carbon bisulfide (b. pt., 46.3*). 
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Solutions of type I, when subjected to fractional (iistillation,behave 
like perfect solutions (which form a special case of this type), and 
may like them be finally resolved into the pure components. The 
behavior of solutions of types n and III on fractional distillation 
is shown in the following problems. 

Fractional DistiUatian of Solutions, — 

Prob, J7. — a. Determine from curve III in the figure the boiling- 
point and composition of the first portion of distillate obtained by dis- 
tillation of solutions of acetone and carbon bisulfide containing 70 mol- 
percent of acetone, 15 mol-percent of acetone, and 35 mol-percent of 
acetone, respectively. Tabulate the boiling-point and composition of 
each solution and distillate, b. State iu what respects each distillate 
and ^ch residue differs from the solution from which it was obtained. 
c. If each of the solutions were submitted repeatedly to fractional dis- 
tillation, what would be the composition of the products finally obtained 
as distillate and as residue? d. If of the 70 mol-percent solution 1000 g. 
were so fractionated, what weight of each product would be obtained? 
Ans. d, 508 g. of distiUate, 492 g. of residue. • • 

Prob. 38, — By reference to curve II in the figure answer the same ques- 
tions for solutions of acetone and chloroform as are asked in Prob. 
37a, 376, and 37^;, for sofltions of acetone and carbon bisulfide. 

Just as the solid lines in such temperature-composition diagrams 
show the boiling-points of any liquid solution, so the broken lines 
show the condensation-point at one atmosphere of vapor of any 
composition; the coniposition of the liqxiid which first condenses out 
of it being given by the corresponding point on the solid line. Such 
diagrams therefore serve to predict the behavior of vapors when 
subjected to fractional condensation, as illustrated by the following 
problem. 

The processes used in chemical practice for the separation of 
volatile liquids, such as alcohol and water or benzene and toluene, 
involve fractional distillations and condensations taking place in 
accordance with the principles here considered. 

Prob. 3Q. — Fractional Condensation of Vapors. — a. A vapor com- 
posed of equimolal quantities of carbon tetrachloride and carbon 
bisulfide is cooled at i atm. till condensation begins. By referring to 
curve I in the figure find the temperatiure ^t which condensation begins, 
and the composition of the condensate, b. The vapor is gradually 
cooled, removing the condensate as it forms, till the temperature falls 
to 60^. Find the composition of the condensate which is now separat- 
iQg, and that of the residual vapor, c. Tabulate the composition 
(50 mol-percent) of the original vapor, the average composition of 
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the condensate obtained from it in h, and the composition of the residual 
vapor. Include in the table also the composition of the liquid which 
upon distillation would furnish the original vapor. 
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V. DISTKIBUTION BETWEEN PARTIALLY ICSCEBLE SOLVENTS 

44. Detennlnation of Eqoilibriom-Coiiditions by the Pezpetoal- 
Motion Principle. — Before considering other molal properties of 
solutions it is desirable to present an energy principle which is of great 
value in predicting the equilibrium conditions of systems consisting 
of two or more phases. This principle is illustrated by Prob. 40 and 
discussed in the succeeding paragraph. 

Proh. 40. — CondUian cf Equilibrium between Two Phases. — A 
volatile substance S is dissolved in each of two non-miscible solvents, 
the two solutions A and B being shaken to- 
gether at some definite temperature till equi- 
librium is reached. They are placed, as in the 
figure, in contact with the vapor-phase contain- 
ing the substance S at a pressure equal to its 
partial vapor-pressure in solution A. Show that 
if this pressure were greater or less than the 
partial vapor-pressure of S in the solution B, the 
substance S would pass continuously through the three phases of the 
system under a difference of pressure, whereby work could be produced. 

Perpetual motion (of the kind here considered) signifies in general an 
ideal process by which an unlimited amount of work might be pro- 
duced by a system operating in surroimdings of constant temperature 
and drawing from them no work. Thus, in the case considered in 
Prob. 40, if the vapor-pressures of the substance in the two solutions 
were different, a current of its vapor would flow continuously from 
one surface to the other, and work could be obtained from the moving 
vapor for an unlimited period of time, for example, by placing a wind- 
mill in the vapor-space. Even though a quantity of heat equivalent 
to the work produced were taken up from the surroundings, the process 
would still be a kind of perpetual motion which is impossible, as will 
be seen later in the discussion of the second law of thermodynamics. 

The principle that perpetual motion of this kind is impossible is 
often employed, as in this instance, for determining the conditions of 
equilibrium between the different phases of a S3rstem. It leads in 
such cases to the general conclusion that, if two phases are each in 
equilibrium with a third phase, they must be in equilibrium with 
each other, with respect to every substance that is present. This 
principle will hereafter be called simply the perpetual-motion principle, 

46. Distribution of a Solute between Two Non-Biliscible Solvents. — 
There has been experimentally established another important law 
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of perfect solutions, as follows. At any definite temperature the 
ratio between the equilibrium concentrations Ca a^^d ^b of a chemical 
substance S in two non-misdble solvents (A and B) is constant, 
whatever be the initial concentrations)^^ That is 

where J^ is a constant, called the distributian^aiiOy determined by the 
nature of the substances A, B, and S, and by the temperature. 

This law may be generalized so as to be applicable to the distribu- 
tion of a definite chemical substance between any two kinds of phases. 
Thus in its general form it includes Henry's law, since the pressure 
of a gas at any definite temperature is proportional to its concentra- 
tion; that is, since p-(N/v)RT = cRT, It is called the law of distri- 
bution between phases, or simply the disiribuiian law. 

This distribution law, like Raoult's law and Henry's law, is a limit- 
ing law which becomes more exact as the concentrations approach zero, 
but which holds true approximately up to moderate concentrations 
such as I molal. 

The distribution-ratio of a solute between water and another solvent 
is decreased by the addition of a salt to the water in accordance with 
the principles of the salting-out effect stated in Art. 39. 

The distribution law between liquid phases can be derived from 
Henry's law and the perpetual-motion principle (as in Prob. 41) for a 
volatile solute. This derivation is general, since every solute has a 
vapor-pressure, even though it may be too small to measure. 

In considering the distribution of solutes between liquid phases, 
the concentration is usually expressed in mols per 1000 ccm. of solvent, 
instead of in mols per 1000 grams of solvent; and the value of the 
distribution-ratio varies correspondingly. In the problems of this 
article such volume concentrations are employed. 

Prob 41, — Derivation of the Distribution Law, — Derive the law of 
the distribution of a volatile solute between two solvents from Henry's 
law and the conclusion reached in Prob. 40. 

Prob, 42, — EvaltuUion of the Distribution-Ratio from Vapor-Pressure 
Data, — At 25** the vapor-pressure of ammonia above a o.i volume- 
molal (vm.) solution of it in chloroform is 33.25 nmi., and above a 0.5 
vm. solution of it in water is 6.65 mm. a. What is the distribution- 
ratio of ammonia between water and chloroform? b. What would be 
its distribution-ratio between a 0.5 n. NaCl solution and chloroform? 

Prob, 4 J, — Extraction of Solutes from Aqueous Solutions by Organic 
Solvents. — The distribution-ratio of an organic acid between water and 
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* 

ether at 20^ is 0.4. A solution of 5 g. of the add in 100 can. of water is 
shaken successively with three 20-ccm. portions of ether, a. How much 
add is left in the water? b. How much add would have been left in the 
water if the solution had been shaken once with a 60-ccm. portion of 
ether? Ans. a, 1.48; b, 2.00. 

Prob. 44. — Deiermination of Complex Salt Formation. — An aqueous 
solution containing 0.25 KCl and 0.20 HgCls in one liter of water is 
shaken with an equal volume of benzene at 25^. The benzene phase is 
found by analysis to contain 0.0057 mol of HgCls per liter, but no KCl. 
The distribution-ratio of HgCU between water and benzene at 25^ 
is 13.3. a. Calculate the total concentration of mercuric chloride in the 
aqueous phase and the concentration of the part of it which is combined 
with the potassium chloride (neglecting the salting-out effect), b, Tlie 
complex salt has been shown by other measurements to be KHgCL. 
Tabulate its concentration and the concentrations of the (uncom- 
bined) KCl and HgCls. Ans, 0.1 185 KHgCU per liter. 

*46. The Lowering by Solutes of the Solubility of One Scd^ent 
in Another Sohrent — The solubility of one solvent, such as water, 
in another solvent, such as ether, is found to be lowered by dissolving 
in the first solvent a solute, such as sodimn chloride. The general 
law expressing this effect corresponds in form to Raoult's law 
of vapor-pressiure lowering. This law, called the law of sdubilUy 
lowering, may be stated as follows. If in a solvent A, which has a 
small solubility so in another solvent B, there is dissolved a solute S 
(not soluble in the solvent B) whose mol-fraction in A has any small 
value X, the solubility s of A in B is now less than its original value 
So to the extent required by the law that the fractional lowering of 
solubility is equal to the mol-fraction of the solute. That is: 

Sq — S 
= X. 

So 

The law of solubility lowering can be derived from Raoult's law, 
Henry's law, and the perpetual motion prindple, as shown in the 
following problem. 

Prob, 45, — Derivation of the Law of Solubility Lowering. — Show 
how the law of solubility lowering can be derived from Raoult's law 
of vapor-pressiure lowering with the aid of the perpetual-motion prind- 
ple (applied to the vapor of the substance A above the two liquid 
phases) and of Henry's law (applied to the equiUbrimn of the substance 
A between the vapor phase and the solution of A in B). 

Prob. 46. — Application of the Law of Solubility Lowering. — The 
solubility of isoamyl alcohol (CJIiiOH) in water at 25^ is 0.280 mol 
per 1000 g. Calculate its solubility in water when 0.5 mol of chloro- 
form (CHCU) is dissolved in 1000 g. of isoamyl alcohol. 
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47. The Vapor-Pressure Relations of Partially Miscible Liquids. — 

Raoult's law, Henry's law, and the perpetual-motion principle make it 
possible to predict in part the vapor-pressure relations of liquids 
which have limited solubilities in each other, as is illustrated inProb. 47. 

Prob, 47. — The Vapor-Pressure-Composition Diagram far Partially 
Miscible Liquids, — When isoamyl alcohol (CtHuOH) and water are 
shaken together at 25^ till equilibrium is attained, two liquid phases 
result, one containing 36.84 mol-percent, and the other 99.50 mol- 
percent of water, a. Calculate the vapor-pressure of the water in each 
of the phases from the vapor-pressure, 23.8 mm., of pure water at 25**, 
regarding the isoamyl alcohol present in small proportion in the aqueous 
phase as a perfect solute. 6. Construct a diagram showing the vapor- 
pressure of water in all mixtures of these two substances at 25^, with 
the aid of the above values and the following data. The vapor-pres- 
sure of water at 25^ is 19.1 mm. in a 20.5 mol-percent, 14.5 mm. in 13. i 
mol-percent, and 8.4 mm. in a 6.9 mol-percent solution of it in isoamyl 
alcohol. Note that the water must conform to Henry's law so long as it 
is present at small cpncentration. 

Prob, 48, — Steam Distillation of Liquids Partially Miscible with 
Water, — Aniline (CeH^NHO is distilled with steam at i atm. The 
vapor-pressiu'e of aniline is 46 mm. at 100^ and 40 mm. at 97^. Water 
and aniline have limited solubilities in each other; one i>hase containing 
at 100^ 1.5 mol-percent of aniline, and the other 68 mol-percent of 
aniline. Find the boiling-point of the mixture, and the number of grams 
of aniline distilling over with each gram of water. Assume that the 
solubilities do not change appreciably within the small temperature 
interval, and that the vapor-pressure of the aniline in the 68 mol- 
percent solution is lowered only half as much as Raoult's law requires. 
Ans. 0.26 g. 
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VI. FREEZING-POmT OF SOLUTIONS 

48. Freezing-Point and Its Relation to Vapor-Pressure and Molal 
Composition. — The freezing-point of a liquid is that temperature 
at which the solid solvent and the liquid coexist in equilibrium with 
each other. The solid which separates from the solution commonly 
consists of the pure solvent; and this is assumed to be the case through- 
out the following considerations. Jn any such case the freezing-point 
of a solvent is lowered by dissol^^g another substance in it. 

At the freezing-point the vapor-pressure of the solvent in the solu- 
tion and of the pure solid solvent must be equal (as shown in Prob. 
49); and accordingly, from the vapor-pressure-temperature curves 
of the liquid solvent and solid solvent the freezing-points of solutions 
can be derived from their vapor-pressures (as in Prob. 50). 

Prob, 4g. — Equality of ike Vapor-Pressures at the Freezing-Point. -*' 
Prove that at the freezing-poiat of a solution its vapor-pressure and 
that of the solid which separates from it must be equal, by showing 
that otherwise perpetual motion would result. 

Prob, so, — Evaluation of Freezing-Pointsfrom Vapor-Pressure Data. — 
The vapor-pressures of ice and (supercooled) water are as follows: 

^o »*> /»o -O A^ 

O —I —2 —3 —4 

Water . . . 4.579 4.255 3.952 3.669 3.404 mm. 
Ice ... . 4.579 4.215 3.879 3.566 3.277 mm. 

a. Calculate by Raoult's law the vapor-pressure at each of these 
temperatures of a solution consisting of 3 mols of solute and 97 mols of 
solvent. Plot on a diagram the vapor-pressures of this solution, of 
water, and of ice as ordinates against the temperatures as abscissas, 
using a scale large enough to enable o.ooi mm. to be estimated (by 
including on th^ plot pressiu'es ranging only from 3.20 to 4.60 inm.). 

b. Determine from the plot the freezing-point of the solution. 

The general relations between freezing-point and vapor-pressure 
are illustrated by the diagram on the following page. 

A consideration (as in Prob/ 51) of the geometrical relations of the 
diagram /shpws that the vapor-pressure lowering po—p caused by a 
solute is for a d^ute solution related to the freezing-point lowering 
To" T in the way expressed by the equation: 

To-T dT dT ^^ 

In this expression the two derivatives represent the rate of change 
with the temperature of the vapor-pressure of the solid solvent (ice) 
and of the liquid solvent, respectively. 
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Proh, 51. — Derivation of the Relation between Freezing-Point and 
Vapor-Pressure, — From the geometrical relations of the following 
diagram derive equation (i) given in the text. 
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From the approximate Clapeyron equation (Art. 33) expressions 
for the temperature-coefficients of the yapor-pressures of the solid 
solvent and liquid solvent can be obtained in terms of the molal heats 
of vaporization AiJg and AHj, of the solid solvent' and the liquid 
solvent, respectively. Since the difference between these two heatis 
of vaporization can be shown by the law of initial and final states 
(Art. 23) to be equal to the fed al heat of fusion A gpjbf the solid 
solvent, the following expressions, identical in form with those for the 
boiling-point raising (Art. 37), are readily obtained (as in Prob. 52) 
for the freezing-point lowering of a perfect solution: 

po-p_RTVl /l-t* 






wr' 



l> 



(2) 



In these equations To is the freezing-point of the solvent, T that of a 
solution containing the solute at the mol-fraction x, and AHo is the 
heat absorbed by the fusion of one mol of the solvent at To. 

Prob, 52, — Derivation of the Freezing-Point Equations for Perfect 
Solutions. — Derive equation (2) from equation (i), indicating the 
principle involved in each step of the process, and proving that the 
heat of fusion is equal to the difference in the two heats of vaporization. 

The quantity RT^J^o occurring in equation (2) is evidently a 
constant characteristic of the solvent.^ Representing this quantity, 
which may be called the freezing-point constant^ by a single letter Fq, 
and replacing the mol-f ntction x by the nK>l-ratio N/ ffo, which becomes 
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identical with it as its value approaches zero, the law of freezing-point 
lowering for perfect solutions may be expressed by the equation: 

r,-r=F,|^ (3) 

Instead of this freezing-point constant, the related molal freezing- 

paint Umering, defined in analogy with the molal boiling-point raising 

(Art. 37) to be the freezing-point lowering per mol of solute in 

1000 grams of solvent, is conmionly recorded in chemical literature. 

Prdb. S3, — EwduaHoH cf the Preezing-Paint Constants, — When one 
gram of ice at o^ melts, the heat absorbed is 79.7 cal. a. What is the 
freezing-point constant for water? b. What is its molal freezing-point 
lowering? Ans. b, 1.858 (1.86). 

^The preceding equations are rigorously exact only when the lower- 
ings of the freezing-point and of the vapor-pres3ure of the solvent are 
infinitesimal; for in the derivation of equation (i) all the vapor- 
pressure curves were regarded as straight lines, and those for the 
solvent and solution were regarded as parallel. A consideration of 
the figure at the beginning of this article shows, however, that the- 
foUowing differential equation, corresponding to equation (i) above, 
is exact for any solution whatever containing the solute at any mol- 
fraction x whatever: 

(^),-(©.[(r;)-(t)J- w 

*By substituting for the first of these derivatives the expression 
given by the corrected Raoult equation (Art. 36), and for the last two 
derivatives the expressions given by the exact Clapesrron equation 
(Art. 33), neglecting only the volume, of the solid or liquid in compari- 
son with that of the vapor, there is obt&ined the following equation: 

^^ RT^ dx , . 

Atf I— X 

In this equation — rfP denotes the lowering produced in the freezing- 
point r of a solution by increasing the mol-fraction x of the solute by 
dx, and bM denotes the heat absorbed by the fusion of one mol of the 
solid solvent into an infinite volimie of the solution at its freezing- 
point r. 

^Prob, S4, — Freezing-Point of Solutions Cotrforming to Raoult*s Law 
at Any Concentration. — Derive equation (5) from equation (4) by 
the method indicated in the text. 
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*This equation will be seen to correspond in form to equation (5) 
of Art 37 for the boiling-point rabing. The equation is exact (except 
for the error caused by neglecting the volume of the solid or liquid 
in the Clape3rron equation) at any concentration up to which the 
corrected Raoult equation holds true. It may be integrated, usually 
with negligible error, under the assimiption that, within the limits of 
temperature and concentration involved, Aff does not vary with 
the temperature or with the mol-fraction j)f the solute, and that it 
has the same value as the heat of fusion AZTo of the pure solvent at its 
freezing-point To* 

^The freezing-points of solutions that do not conform to Raoult's 
law cannot be calculated from the mokl composition. The relation 
between freezing-point and molal composition can, of course, be 
experimentally determined; and the results may be represented by 
freezing-point-composition diagrams, analogous to the boiling-point- 
composition diagrams of Art. 43. Such diagrams are considered in 
Chapter VIII. 

49. Determination of Molecular Weights. — With the aid of the 
laws of freezing-point lowering stated in Art. 48 the molecular weiglfts 
of substances dissolved in various solvents can be calculated. 

Prob, S5' — Variation of Molecular Weight with the Nature of the 
Solvent. — A solution of 0.60 g. of acetic add in 50.0 g. of water freezes 
at —0.376^. A solution of 2.32 g. of acetic acid in 100 g. of benzene 
freezes 0.970^ lower than pure benzene. The freezing-point constant 
for benzene is 65.4. Calculate the molecular weight of acetic acid in 
each of these solvents, and state what the results show in regard to its 
molecular formula in each solvent. 

Determinations of the molecular weights of dissolved substances 
by the freezing-point method have confirmed the conclusions derived 
from boiling-point determinations, and stated in Art. 38, as to the 
dissociating effect of various solvents. 
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Vn. OSMOTIC PRESSURE OF SOLUTIONS 

50. Osmotic Pressure. — When a solution S is separated from a 
pure solvent W, as illustrated in the figure, by a wall aa which allows 

this solvent to pass through it, but prevents 
entirely the passage of the solute, the solvent 
is drawn through the wall into the solution. 
This flow of solvent may, however, be pre- 
vented by exerting a pressure Pi on the 
solution greater by a definite amount than 
the pressure pi upon the pure solvent; and 
the solvent may be forced out of the solution 
by exerting a still greater pressure upon the 
solution. The difference of pressures on solution and solvent which 
produces a condition of equilibrium such that there is no tendency of 
the solvent to flow in either direction is called the osmotic pressure P of 
the solution. 

Walls of the kind just described are known as semipermeable waUs. 
Certain animal membran^. such as parchment or bladder, are per- 
meable for water, but no^pr certain solutes of high molecular weight 
(the so-called colloids). The walls of some animal and plant cells 
are very perfect semipermeable walls. The most satisfactory artificial 
semipermeable walls have been made by precipitating copper ferro- 
cyanide within the pcres of an unglazed porcelain cell, which gives 
the precipitate sufficient rigidity to withstand high osmotic pressures. 
The cell, filled with the solution and immersed in pure water, is con- 
nected with a manometer whose mercury column is in direct contact 
with the solution. By means of such cells exact measurements of 
the osmotic pressure of aqueous solutions of cane-sugar and glucose 
have been made up to pressures of 230 atmospheres. 

Osmotic pressure plays a very important part in the physiological 
processes taking place in the bodies of animals and plants. In the 
study of the general principles of chemistry, it is of value because it 
is a property which, like vapor-pressure, enables the various properties 
of solutions to be correlated and their energy relations to be treated 
upon the basis of one simple fundamental concept. The correspond- 
ence shown in Art. 52 to exist between the laws of the osmotic pressure 
of dilute solutions and those of the pressure of perfect gases makes 
possible, moreover, a closely analogous treatment of these two 
states. 
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*61. Relation of Osmotic Pressure to Vapor-Presstire. — In the 

osmotic arrangement represented in the figure of Art. 50, when the 
pressures pi and Pi are such that there is equilibrium and therefore no 
tendency for the solvent to pass through the semipermeable wall, it 
follows from the perpetual motion principle that the vapor-pressure of 
the solvent in the pure state must be equal to its vapor-pressure in the 
solution. For, if a vapor phase were in contact (through walls per- 
meable only for the vapor) both with the solvent and the solution, there 
would evidently be a continuous flow of the solvent-substance through 
the vapor-phase and back through the wall between the two liquid 
phases, unless its vapor-pressures in these liquid phases were equal. 
That this condition is realized results from the fact that the vapor- 
pressure of a liquid is increased by increasing the pressure upon it. 
Thus the larger pressure Pi on the solution increases its vapor-pressure 
up to the value of the vapor-pressure of the solvent under the smaller 
pressure ^1. 

The efifect of pressure on vapor-pressure may be now considered 
from a quantitative standpoint. It can be shown (as in Prob. 56) 
that the increase dp in the vapor-pressure ^ of a liquid caused by an 
increase dpi, in the pressure Pj, on the liquid is expressed by the follow- 
ing equation, in which vl represents the volume of any definite weight 
of the liquid at the pressure pj,, and v represents the volume of the 
same weight of the vapor at the pressure p: 

dp^^ dpj^. (i) 

In case the vapor may be regarded as a perfect gas, this equation 
takes the following form, in which Vj, represents the volume of one 
mol of the liquid at the pressure Pi,: 

T RT ^ ^^ 

By integration of this equation under the assumption that the 
volimie of the liquid. »l does not change with the pressure there 
results the following expression, in which p and ^0 denote the vapor- 
pressures of the solvent when the pressures on it are pj, and zero, 
respectively: 

^po RT ^^ 



86 



THE MOLAL PROPERTIES OP SOLUTIONS 




\kLlkliA 






r. 

i 



•9 



u 

> 



li 



Effect of Pressure on the Vapor-Pressure of Liquids. — 

Proh, $6. — Consider, as illustrated in the figure, a column of a pure 
liquid contained in a porous tube impermeable to it, but permeable to 
its vapor; and consider this tube to be surrounded by the vapor of the 
liquid; the whole system being at a constant tempera- 
ture r. When there is equilibrium the vapor-pressiure 
of the liquid at any level must evidently be equal to 
the pressure of the vapor at that level. The pressure 
of the liquid or of the vapor must, however, be greater 
at a lower than a higher level by the (hydrostatic) 
pressure of the intervening colunm of liquid or vapor, 
a. Formulate an expression for the increase dpi, of the 
pressure ^ of the liquid, and one for the increase dp of 
the pressure p of the vapor, corresponding to an in- 
crease di in the distance / beneath the surface, h. By 
combining these expressions, derive equation (i) given 
in the text. c. Integrate this equation, assimiing that 
the vapor conforms to the perfect-gas laws and that 
the voliune of the liquid does not vary with the pres- 
sure upon it, so as to obtain a relation between the 
vapor-pressures ^o and p of the liquid at the top and 
bottom of the column in terms of its hydrostatic pressure pu* 

Proh, 57. — Find the ratio of the vapor-pressure of water at 4'' and 
10 atm. to that at 4^ and the pressure (6 mm.) of the saturated vapor. 

It is evident now that, by applying a sufficient negative pressure 
(or suction) to a liquid solvent, its vapor-pressure can be reduced 
from its normal value pa to the value p which it normally has in any 
definite solution, and that then it would be in equilibrium with that 
solution if placed in communication with it through a semipermeable 
wall. (Liquids can in fact with suitable precautions be subjected 
to negative pressures of many atmospheres, without the colunm 
breaking.) The difference in the pressures on the solution and the 
solvent, defined to be the osmotic pressure P, is evidently numerically 
equal to this pressure pi, applied to the solvent, but opposite in sign; 
that is, P^—pi,. Hence it follows from equation (3) that the osmotic 
pressure at the temperature T of a solution in a solvent whose vapor- 
pressure is ^ in the solution and p^ in the pure state, and whose mokl 
volume is v^ is given by the expression: 



RT. po 

-a ^"^ p 



(4) 



This expression is exact even at large concentrations provided the 
vapor conforms to the perfect-gas laws, except for the usually negli- 
gible effect of pressure on the volume »l of the solvent. 
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Relation of Osmotic Pressure to Vapor-Pressure. — 

Prob. 5^. — a. How much must the pressure on water be reduced 
in order that it may be in equilibriiun through' a semipermeable wall 
with an aqueous solution which has at 25^ a vapor-pressure 98% as 
great as that of water? h. What is the osmotic pressure of this 
solution at 25®? 

Proh. SQ, — At 100*' the vapor-pressure of a solution consisting of 
28 g. of NaCl and 100 g. of water is 624 mm. What is its osmotic 
pressure? The specific volume of water at 100^ is i .043 . Ans.^ 20 atm. 

When the vapor does not conform to the perfect-gas laws an exact 
expression may be readily obtained by substituting for v in equation 
(i) the expression RT(i + « p)/P given by the equation of state for 
gases at moderate pressure (Art. 15), and integrating as before. This 
leads to the result that the osmotic pressure equation may be corrected 
for deviation of the vapor from the perfect-gas laws by writing it in 
the form: „-,^ ^ 

P=^(log^'+«(^a -/>)). (S) 

62. Relation between Osmotic Pressure and Molal Composition. — 

The osmotic pressure P of concentrated solutions whose vapor-pres- 
sure conforms to Raoult's law is expressed by the following equation, 
which may readily be derived (as shown in Prob. 60) from equation 
(4) or (s) of Art. 51. / n\ 

P?L=J?riog(i+^J. (i) 

In this equation Vl represents the molal volume of the solvent, and 
N denotes the number of mol s of^ solute associated with No mols of 
solvent. 

For dilute solutions, for which N/ No is small, this equation can be 
simplified (as shown in Prob. 61) by expanding the logarithm into a 
series, neglecting all the terms except the first one, and transforming. 
The following expression then results: 

Pvo^NRT. (2) 

In this expression P is the osmotic pressure at the temperature T of a 
solution consisting of N mols of solute and No mols of solvent whose 
volume in the pure state is Vo, and i? is the gas-constant. 

This equation is seen not only to be identical in form with the 
perfect-gas equation, but tp contain the same constant R. This 
shows that a substance in dilute solution produces an osmotic pressure 
which is equal to the pressure it exerts at the same temperature as a 
perfect gas when present at the same volume concentration. 
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The osmotic pressure of concentrated solutions to which Raoult's 
law does not apply cannot be calculated from the composition of the 
solution. It may, however, be determined not only by direct measure- 
ment, but also by calculation from vapor-pressure measurements, by 
equations (4) and (5) of Art. 51. 

Derivaiion of the Osmotic-Pressure Equations, — 

*Prob, 60. — Derive equation (i) of this article, a, from equation (4), 
and 6, from equation (5) of Art. 51. 

Prob. 6j. — Derive equation (2) from equation (i) in the way in- 
dicated in the above text. 

Prob. 62. — Osmotic Pressure in Relation to Hydrostatic Pressure. — 
The lower end of a vertical tube is closed with a semipermeable wall 
and is dipped just beneath the surface of pure water. A o.i molal 
solution of cane-sugar (CuHaOn) of density 1.014 is poured into the 
tube until the hydrostatic pressure at the semipermeable wall is sufficient 
to prevent water from entering the solution. The temperature is 4°. 
Find the height of the column in meters. Ans, 23.6 
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Vm. REVIEW OF THE PRINCIPLES RELATING TO THE MOLAL 

PROPERTIES OF SOLUTIONS 

63. Review Problems. — The following problems afford a review 
and give additional applications of the principles relating to the 
molal properties of solutions. 

Proh. 63, — a, Simmiarize the equations expressing for dilute solutions 
the approximate relations between molal composition and (i) vapor- 
pressure, (2) boiling-pointy (3) freezing-point, (4) osmotic pressure. 
State explicitly what each symbol signifies. 

*Proh. 64, — Summarize the corresponding equations which hold true 
for perfect solutions of any concentration. 

Proh, 65, — Calculate by the laws of dilute solutions the fractional 
vapor-pressure lowering, the boiling-point raising, the freezing-point 
lowering, and the osmotic pressure at 5.5°, of a solution containing o.i 
mol of a nonvolatile solute in 1000 g. of benzene, with the aid of the 
following data. The heat of fusion of one gram of benzene at its 
freezing-point, 5.5^, is 30.2 cal. The heat of vaporization of one gram 
of benzene at its boiling-point, 80.1^, is 93.0 cal. The density at the 
freezing-point is 0.895. 

*Proh. 66. — a. Calcidate by the laws of concentrated perfect solu- 
tions the fractional vapor-pressure lowering, the boiling-point raising, 
the freezing-point lowering, and the osmotic pressure at 5.5^, of a 
solution containing 2 mols of a non-volatile solute in 1000 g. of benzene, 
using the data of Prob. 65, and assuming that the vapor conforms to 
the perfect-gas laws, h. Calculate the ratio of each of these values 
to the corresponding one for the solution of Prob. 65. (Note that the 
value of this ratio would be 20.0 if the equations for dilute solutions 
were applicable to this concentrated solution.) c. Assuming the solute 
to be volatile and to have a partial vapor-pressure of 20 mm. in the 
solution at its boiling-point, calculate this boiling-point. Ans. c, 84.2°. 

Prob. 67, — a. Carbon bisidfide boils at 46** at i atm. Its molal 
heat of vaporization at this temperature is 6430 cal. What is its boil- 
ing-point constant? h. A solution of 15.5 g. of phosphorus (at. wt., 
31.0) in 1000 g. of CSs boils 0.300^ higher than pure CSs. What is the 
molecular weight and what is the molecular formula of phosphorus in 
this solvent? 

'Prob. 68. — K 127 g. of iodine (at. wt., 127) were added to the solution 
of Prob. 676, how much higher than the boiling-point of pure CSi 
would that of the solution be: a, in case the iodine remained uncom- 
bined in the form of Is; 6, in case it all combined with the phosphorus 
forming PJs; c, forming Tdil d, forming Pit? 

m^Prob. 6g. — Human blood freezes at —0.56^ Find its orotic 
pressure at 37*". Ans. 7.6 atm. 

^Prob. 70. — At 25® the distribution-ratio of Brj between carbon tetra- 
chloride and water is 38 expressed in volume concentrations; and 
the pressure of bromine above a 0.05 molal solution of Bri in water is 
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50 mm. Assuming that one liter of this solution is shaken with 50 ccm. 
of carbon tetrachloride, calculate the pressure of the bromine over the 
carbon-tetrachloride phase. (Bromine exists in all three phases only 
^ as Brt.) Ans, 17.2 mm. 

Prob. yi, — At I atm. pure nitric acid has a boiling-point of Sd**. A 
solution of nitric acid and water of the composition HNOa+i.6HaO 
distils at i atm. at a constant temperature of 121^. Make a diagram 
showing the character of the boiling-point-composition curve for this 
pair of substances. Draw in on the diagram a curve representing in a 
general way the composition of the vapor in equilibriiun with any solu- 
tion at its boiling-point. State what products would finally result as 
distillate and residue from the fractionation of the three solutions, 
HNO,+H,0, HN0,+i.6H,0, HN0,+3Hrf). 

Proh, 72, — Upon partial distillation at constant pressure a solution 
of two components A and B containing 20% of A, having a boiling- 
point of 80^, yields a residue containing 15% of A; and a mixture con- 
taining 75% of A, having a boiling-point of 60^, yields a distillate 
containing 70% of A. Draw a diagram which will show in a general 
way the character of the liquid-composition and of the vapor-composi- 
tion curve. Predict what products would finally result as distillate 
and residue from the fractionation of the 20% and of the 75% solution. 
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I. THE HEAT-CAPACiry OF SOLID StTBSTANCES 

54. Properties in the Solid State. — Many of the properties of 
substances in the gaseous and dissolved states are primarily deter- 
mined, as has been shown in the preceding chapters, by the number of 
molecules present; but in the solid state such molal properties are met 
with o^ly in the case of substances present at small concentration in 
solid solutions (considered in Art. 123). In the solid state there are, 
however, certain properties, here called atomic properties, which 
depend primarily either on the niunber of atoms present in the unit- 
weight of the substance, or on the number of atoms present in each 
molecule of the substance. The heat-capacity of solid substances is a 
property of the first of these types; and isomorphism j or the power 
of two substances of assimiing nearly the same crystal structure and 
of forming with each other a continuous series of solid solutions, is a 
property of the second of these types. The heat-capacity of solid 
substances, which is of importance not only in its relations to the 
atomic theory, but also in thermodynamic considerations, will alone 
be considered here. 

56. The Heat-CaiMcity of Solid Elementaxy Substances. — Meas- 
urements have shown that at room temperature all elementary sub- 
stances with atomic weights above 35, and the metallic elementary 
substances with smaller atomic weights than 35, have values of the 
atomic heat-capacity (defined as in Art. 25) not diiSering greatly 
from each other. This approximate principle is known as Dulong 
and PetiCs law. 

The average value of the atomic heat-capacity at constant pressiu^ 
at 20^ for these elements is 6.2 calories per degree. Deviations of 
+ 0.4 unit are not uncommon; and deviations of -ho.s to -1-0.9 unit 
are exhibited by some elements (for example, by sodium, potassium 
and iodine) which at room temperature are not much below their 
melting-points. In the case of the non-metallic elements with smaller 
atomic weights than 35 the atomic heat-capadty has a value much 
smaller than 6.2 at room temperature; thus the value for boron is 2.6, 
for graphite 1.9, for silicon 4.8, for phosphorus 5.6, and for sulphur 5.5. 
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The corresponding average value of the atomic heat-capacity at 
constant volume at room temperature is 6.9; and from this simpler, 
more fundamental quantity the values for the separate substances 
show considerably smaller deviations. 

It is interesting to note that this average atomic heat-capacity 
is very nearly twice the translatory kinetic energy (2.98 cal.) taken up 
per degree by the molecules of a gaseous or liquid substance (Art. 19). 
The kinetic factors determining this roughly constant value for solid 
elementary substances, and causing the marked variation of the heat- 
capacity with the temperature to be now mentioned,. are too complex 
and hypothetical to be here considered. 

The effect of temperature on the atomic heat-capadty at constant 
pressure is shown in the figure. It will be seen that at very low 
temperatures (below 200** A) the atomic heat-capadty of solid elemen- 
tary substances varies much with the nature of the substance and is 
always much smaller than at room temperature; that with rising 
temperature it increases at different rates in the case of different 
substances; and that at a temperature, varjring with the different 
substances but usually not far from the room temperature, it attains 
the average value, and then as a rule increases only slowly with further 
increase of temperature. 
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66. The Heat-Capadty of Solid Compound Substances. — Another 
roughly approximate principle, called Kopp*s law, has been found 
experimentally to express the heat-capacity of solid inorganic com- 
poimds at room temperature. It has been found, namely, that the 
formal heat-capacity is approximately an addUke property, that is, 
one whose value can be approximately calculated by adding together 
certain values representing the heat-capadty of the elements con- 
tained in the compound. This principle is expressed by the foUowing 
equation, which shows at the same time the values of the constants 
(the so-called atomic heat-capadties) for the common elements: 

Cp=6.2«EH-4-o«oH-2.3»H + i.8nc + S4*»sH-2.3«B + S.4«P+3-8nsi. 

In this equation Cp represents the formal heat-capadty of the com- 
pound at constant pressure at room temperature; no, nn, nc, ns, ns, 
np, and nsi are the number of atomic weights of oxygen, hydrogen, 
carbon, sulfur, boron, phosphorus, and silicon present in one formula- 
weight of the compound; and f»£ is the number of atomic weights of 
any other element so present. The values given for the constants 
are average values derived from heat-capadty measurements with 
solid compounds. They do not accuratdy represent the atomic 
heat-capadties of the solid elementary substances. 

The folldwing table illustrates the degree of correspondence which 
exists between the values of the formal heat-capadty so calculated and 
those measured experimentally. It wUl be observed that differences 
of ten percent between the calculated and measured values are not 
uncommon. 

HBAT-CAPAailES OF SOLID COMPOUND StTBSTANCES 



StAstamee 


CaU. 


i^fOS. 


Substance 


CaU. 


Utas 


aO (ice) 


8.6 


9.1 


PbNjO. 


42.6 


38.8 


AM)» 


244 


20. s 


CaSiO, 


22.0 


21.3 


FeiO, 


244 


25.6 


K4Fe(CN), 


79.0 


79.0 


Sb& 


28.6 


28.7 


CuSOi 


27.6 


25.8 


KQ 


12.4 


12.4 


CuS04.sH,0 


70.6 


72.7 


PbO, 


i8.6 


18.2 


AlK(S04)..i2H,0 


158. 


165. 


CaCOt 


20.0 


20.2 


NH4CI 


21.6 


19.9 


KCIO, 


24.4 


24.1 


H,C04 


24.2 


25.1 



Proh. I. — Speckle Hcat^CapacUies Calculated by the AddUmty 
Principle, — Calculate an approximate value at 20^ of the specific 
heat-capadty at constant pressure of: a, platiniun; h, silver bromide; 
c, potassium sulfate. Find the percentage deviations of these values 
from the meastued values, which are, a, 0.032; 6, 0.074; c, 0.190. 
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67. Detennination of Atomic Weights. — The law of Dulong ana 
Petit, even though it is only an approximate principle, may evidently 
be employed for determining what multiple of the combining weight 
of an element is its atomic weight; and the application of this law 
was in fact one of the most important methods by which the present 
system of atomic weight values was established. 

Prob. 2, — DeterminaUon of Atomic Weights. — Calculate the exact 
atomic weight of an element whose specific heat-capacity is 0.092 and 
whose oxide contains 88.82% of the element 
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n. OEMKRALIZATIONS RELATING TO ATOMIC WEIGSIS 

68. The Methods of Atomic Weight Determinatioii and the Periodic 
Law. — The important methods already considered for determining 
what multiple of the combining weight is the atomic weight may now 
be briefly smnmarized. 

It was shown in Art. 14 that the atomic weight of an element, 
or at any rate a maximum value for its atomic weight, can be obtained 
by finding the smallest weight of the element contained in one mo- 
lecular weight of any of its gaseous compounds, as derived from the 
density and Avogadro's principle. Molecular weights derived from 
the laws of perfect solutions (Arts. 36, 38, 49) may also be used for 
the same purpose. 

It was shown in Art. 27 that the molal heat-capacity of perfect 
gases is dependent on the number of atoms in the molecule, that this 
property has a definite value predicted by the kinetic theory for gases 
with monatomic molecules, and that therefore the atomic weight of 
elements which form gases having this molal heat-capacity can be 
immediately derived from their gas densities and the corresponding 
molecular weights. 

It was shown in Art. 57 that the atomic weight of elements can 
be directly determined from the principle that the atomic heat- 
capacities of solid elementary substances at room temperature have 
approximately the same value. Finally, atomic weights can also be 
derived from the phenomenon of isomorphism mentioned in Art. 54. 

By a combination of all these methods, which have in general 
given concordant results, the present system of atomic weight values 
has been derived. 

When the elements are arranged in the order of the so determined 
atomic weights, it is found that there is a progressive .change in the 
various properties of the elementary substances and their compounds, 
and a periodic recurrence of similar properties. This generalization 
is called the periodic law; and many systematic arrangements of the 
elements have been proposed for the purpose of bringing out as fully as 
possible the relations between their properties. These relations are 
most appropriately considered in the detailed study of inorganic 
chemistry, and are therefore only briefly referred to here. 



CHAPTER V 

THE ELECTROLYTIC BEHAVIOR OF SOLUTIONS AND 

THE IONIC THEORY 



I. THE MOLAL PROPERTIES OF SOLXTflONS OF IONIZED SUBSTANCES 

59. Effects of Salts on the Molal Properties of Aqueous Solutions 
and Their Explanation by the Ionic Theory. — In dilute solution the 
ejBfect of salts of the uniunivalent type, such as sodium chloride or 
silver nitrate, on the vapor-pressure of water and on the other related 
molal properties is nearly twice as great, and the effect of salts of the 
unibivalent type, such as potassium sulfate and barium chloride, is 
nearly three times as great, as it would be if each formula-weight 
3delded a single mol in the solution. Strong acids and bases show a 
similar behavior. 

The foUowing values illustrate the effect of some typical ionized 
substances on the freezing-point of water at a concentration o.i 
formal. The value given is the ratio, called the mot-number (i), of 
the effect produced by one formula-weight of the substance" to that 
produced by one mol of a perfect solute. 

NaCl, 1.87; NaNOs, 1.83; KCIO3, 1.80; HQ, 1.92; MgSO*, 1.32; 

BaCla, 2.58; Pb(N08)2, 2.30; Na«S04, 2.47; K4Fe(CN)6, 3.32. 
As the concentration decreases the value of the mol-number ap- 
proaches 2 for the uniunivalent substances, and 3 for the unibivalent 
substances. 

These and other facts have led to the conclusion that these sub- 
stances are largely dissociated in aqueous solution. For example, 
NaCl dissociates into Na+ and CI"; HNOs into H+ and NOs"; HjSOi 
into H+, H+, and SO4-; and Ba(0H)2 into Ba++, OH", and OH". 
Tri-ionic substances may also dissociate partially into intermediate 
ions; thus HaS04 into HS04~ (and H+). 

The electrical behavior of the solutions indicates that these dis- 
sociation-products differ from ordinary substances in that their mole- 
cules are electrically charged. These charged molecules are called' 
ions; and to their formulas + or — signs are attached, as in the above 
examples, to indicate the nature and magnitude of the charge. The 
fraction of the salt dissociated is called its ionizcUion 7. This fraction 
alwa3rs decreases with increasing concentration. 
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From the effect of ionized substances on the molal properties their 
ionization has often been calculated. The evidence, however, seems 
to show that ions produce on the vapor-pressure, boiling-point, and 
freezing-point of water, even at moderate concentrations such as o.i 
molal, effects which differ considerably from those produced by perfect 
solutes at the same molal concentration. These deviations, which 
will be more fully considered in Art. 79, make unreliable the exact 
computation of the ionization of salts from the vapor-pressure and 
freezing-point lowering. In spite of the deviations a rough estimate 
of the number of mols of solute present in solutions of ionized sub- 
stances can be derived from the results of measurements of the molal 
properties, with the aid of the laws of perfect solutions; and such 
measurements often furnish useful information as to the forms in 
which substances exist in the solution. 

Proh» I. — Effect of Salts on the Molal Properties, — A solution of 0.65 
formula-weight of RCl in 1000 g. of water has at 100^ a vapor-pressure 
of 744.8 mm. a. Calculate the mol-number 1, which expresses the 
ratio of the observed lowering to that which would be produced by 0.65 
mol of a perfect solute in 1000 g. of water. 5. Find the ionization of 
the salt to which this value of i would correspond if the ions acted as 
perfect solutes. 

Proh. 2. — Determination of the Chemical Substances Present in 
Solutions, — The freezing-point of a solution containing 0.05 formula- 
weights of HsS04 per 1000 g. of water is -o. 2 1 5°. a. Find the correspond- 
ing value of the mol-number i. b. Derive from this value an estimate 
of the secondary ionization of the HS04~ into H~^ and SOi", assmning 
that the primary ionization of the HsSOi into H+ and HSOa^ is complete 
and that the ions act as perfect solutes. 
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n. ELECTROLYSIS AMD FARADAY'S LAW 

60. Electrolytic Conduction. — Conductors are divided into two 
dasses with reference to the changes that are produced in them by 
the passage of electric currents. Those which undergo no changes 
except such as are produced by a rise in temperature are called metallic 
conductors. Those in which the passage of a ciurent is attended by a 
chemical change are called electrolytes. Aqueous solutions of salts, 
bases, and acids, and melted salts at high temperatures, are the most 
important classes of the well-conducting electrolytes. The most 
obvious chemical changes attending the passage of a current through 
an electrolyte are those that take place at the surfaces of the metallic 
conductors where the current enters and leaves the electrolyte. The 
production of such chemical changes by a current from an external 
source is called electrolysis. The occurrence of such changes, when 
they themselves give rise to an electric current, is called voltaic action. 
Those portions of the metallic conductors that are in contact with the 
electrolyte are called the electrodes; the one at which the current 
leaves the electrolyte, or the one towards which the positive electricity 
flows through the electrolyte, is designated the cathode; the other, 
the anode. 

61. Chemical Changes at the Electrodes. — The chemical change 
produced at the cathode is always a reduction; that at the anode, an 
oxidation. The following table exemplifies types of chemical changes 
commonly occurring in electrolysis. It shows the products resisting 
when aqueous solutions of certain typical' salts, bases, and acids are 



en platinum or carbon electrodes. 


— .^, -«- ..^ p 


The Products of Electrolysis 




50teft 


Cathod4 froduds 


Amod»frodwis 


Cu(NOt)i or AgNOt 


Cu or Ag 


Ok and HNOk 


XNO, 


Hi and KOH 


OkandHNOt 


Na^SO* 


Ht aftd NaOH 


0% and HsS04 


KOH or Ba(OH)i 


H. 


ft 


H,S04 or H,P04 


H, 


ft 


Dilute HCl or HNO, 


H, # 


ft 


Concentrated HCl 


a 


CI. 



When the anode is a metal which can react with the anion of the 
solute, the change at the anode may consist only in the dissolving of 
the metal; thus when a nitrate or sulfate is dectrolyzed with a 
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copper anode, copper passes into solution, forming copper nitrate or 
sulfate. 

When the cathode is coated with a reducible solid substance, such as 
silver chloride or lead dioxide, or is surrounded with a solution con* 
taining a reducible solute, such as a ferric salt or a chromate, this 
substance is reduced and there may be no hydrogen evolved. In any 
definite electrolytic ceU, however, the nature of the changes at the 
electrodes often varies with the conditions of the electrolysis, such as 
the applied electromotive force, current-density, concentration, and 
temperature. 

In the case of voltaic actions, the chemical changes are of a similar 
character, most conunonly consisting in the solution of the metal 
composing the anode, and in the deposition of another metal or of 
hydrogen on the cathode or in the production of a soluble reduced 
substance at the cathode. Thus, in the J^aoidLcell, which consists 
of a copper electrode in a copper sulfate solution and of a zinc electrode 
in a zinc sulfate solution, the two solutions being in contact and the 
two electrodes connected by a metallic conductor, the zinc dissolves 
and the copper precipitates; and, in the Bunse n cell, consisting of a 
zinc electrode in dilute sulfuric acid and a carbon electrode in strong 
nitric add, zinc dissolves at the anode, and the hydrogen primarily 
produced at the cathode reduces the nitric acid to lower oxides of 

nitrogen. 

« 

Prob. J. — Changes at the Electrodes. — State what substances are 
produced or destroyed at each electrode when electricity passes through: 
a, a concentrated solution of NaCl between a carbon anode and an iron 
cathode; 6, a solution of NaCl between a silver anode and a metal 
cathode coated with AgCl; c, dilute HsSOi between a lead anode and a 
cathode of lead coated with PbC^; J, a solution of ZnSOi between a 
zinc-amalgam anode and a cathode of mercury covered with HgsSOi; 
e, through a solution of KaS04 between platinum electrodes. 

62. Faraday's Law. — The passage of electricity through an elec- 
trolyte is attended at each electrode by a chemical change involving 
a number of chemical equivalents n strictiy proportional to the quan- 
tity of electricity Q passed through and dependent on that alone. 
That is: q-fn/ where 7 is a constant with respect to all variations 
of the conditions, such as temperature, concentration, current-strength, 
current-density, etc. Such variations often influence the character 
of the chemical change, but not the total number of equivalents 
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involved. The law is applicable to concentrated, as well as to dilute 
solutions, and to fused salts. It is known as Faraday's law. 

The constant f evidently represents the quantity of electricity pro- 
ducing a* chemical change involving one equivalent. It is called a 
faradayj and has the value 96,500 coulombs. One coulomb is the quan- 
tity of electricity flowing per second when the current is one ampere. 

The term chemical equivalent in the above statement of Faraday's 
law signifies the oxidation or reduction equivalent of the substance 
in the sense in which it is used in volumetric analysis. That is, one 
equivalerU of any substance is that weight of it which is capable of 
oxidizing one atomic weight of hydrogen, or which has the same 
reducing power as one atomic weight of hydrogen. 

Applications of Faraday's Law, — i ' \ / v 

^ Prob, 4. — Through solutions of AgNOi, Bid,, HgjS04, and Pbd, 
placed in series, 9650 coulombs are passed. How many grams of metal 
will be deposited on the cathode from each solution? 

Prob. 5. — A Daniell cell, consisting of zinc in ZnS04 solution and 
copper in CuSOi solution, furnishes a ciurent of o.i ampere for 100 
minutes. How many grams of copper deposit and of zinc dissolve in 
the cell? 
^ Prob. 6. — How long must a current of 5 amperes be passed through 
dilute sulphuric acid in order to produce at 27° and i atm., a, one liter 
of oxygen? 6, one liter of hydrogen? Ans. a, 52.3 min. 

Prob. 7. — 1930 coulombs are passed through a solution of CuSOi. 
At the cathode 0.018 equivalent of copper is deposited. How many 
equivalents of hydrogen are set free? 

63. The Mechanism of Conduction between Electrodes and 
Solutions. — Faraday's law evidently shows that electricity is trans- 
ferred from solution to electrode, or in the reverse direction, only by 
the constituents of the electrolyte; and that one equivalent of any 
constituent carries the same quantity of electricity, namely, one 
faraday or 96500 coulombs. These current-carrying constituents, 
called the ion-constituents y exist, according to the ionic theory, partly 
combined with one another as substances whose molecules are electri- 
cally neutral, and partly as separate substances whose molecules are 
electrically charged. These charged molecules, and also the substances 
consisting of them, are called ionSy — the positively charged ones 
cations y and the negatively charged ones ani<ms. When it is necessary 
to distinguish between the charged substance and the charged mole- 
cule, the terms ion-substance and ion-molecule will be used. 
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Faraday's law gives no indication as to which of the ions that may 
be present in the solution are involved in the chemical changes at the 
electrodes. It is not in general true either that only one kind of ion 
or that all the kinds of ions present are discharged or produced at the 
electrodes. Even those ions which are most concentrated in the 
solution may not be involved at all in the chemical change at the 
electrode. Thus in electrolyzing a concentrated sodium chloride 
solution, thera are discharged at the cathode not the sodium ions of 
the salt, but the hydrogen ions of the water, even though these have 
only a very slight concentration in the solution. Moreover, the 
transfer of electricity to the cathode may be eflfected, not only by the 
deposition of a cation, but also by the formation of an anion, as in the 
case of an iodine electrode; for flow of negative electricity in one 
direction produces a cinrent having the same electrical effects as 
flow of positive electricity in the other. The factors that determine 
which ions are involved in the electrode processes will be considered 
in Chapter XI. 

Since one mol of any ion-substance has a charge of 96,500 coulombs 
or some simple multiple of this quantity of electricity, and since it 
consists of a definite number of molecules, the Avogadro number, 
6.06X10^ (Art. 19), any ion-molecule must have a charge which is 
equal to or a simple multiple of a definite quantity of electricity, 
namely, 96,500/ (6.06 X 16**) or 1.50X10""^^ cou lopib. This is evidently 
a quantity of electricity, which, like an atom of an element, is not 
subdivided in chemical processes. This quantity of negative elec- 
tricity is called a negative electron, or often simply an electron; the 
corresponding quantity of positive electricity is called a positive 
electron. 

Negative electrons are capable of existing as separate particles; 
thus cathode rays, and the beta rays emitted by radioactive sub- 
stances, have been shown to consist of a stream of such electrons. 
But positive electrons are known only in association with atoms or 
molecules. Since only the negative electron is known to detach 
itself from matter, anions are regarded as combinations of neutral 
atoms or atom-groups with one or more negative electrons, and cations 
as neutral atoms or atom-groups which have lost one or more negative 
electrons. Moreover, since there is no transfer of matter in metallic 
conduction, the current is carried through the metal solely by negative 
electrons. 
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In ax:cordance with these views, the mechanism of conduction 
between electrodes and solutions consists in a passage of ions to or from 
the electrode and the taking up or giving off by the electrode of nega- 
tive electrons, these being continuously removed or supplied at its 
surface by their flow through the metallic conductor. Thus in the 
electrolysis of hydrochlo ric acid, hydrogen ions mo ve from the solution 
to Ih^^caUiode and t^eup there negative electrons, thereby producing 
neutral hydrogen molecules; and chloride ions move from the solution 
to the anode and give off there negative electrons, thereby producing 
neutral chlorine molecules. Similarly in the Daniell cell, neutral 
zinc atoms in the anode give up to it negative electrons and pass into 
the solution in the form of zinc ions, and copper ions move to the 
cathode from the solution, and take up negative electrons from the 
cathode, thereby becoming neutral copper atoms. 

The chemical changes and the accompanying electrical effects 
taking place at the electrodes in the way just described may be repre- 
sented by electrochemical equalions, in which a free negative electron 
in the electrode is represented by the symbol ©. Thus, the electro- 
chemical equations for the processes considered above are: 



2H+ 

(mthe 
solution) 



2© 

(in the 

electrode) 



= H,; 

(on the 
electrode) 



2CI- 

(in the 
solution) 

Cu++ 

(in the 
[ solution) 



= cu + 

(on the 
electrode) 

+ 2© - 

(in the 
electrode) 



2©. 

(m the 
electrode) 

Cu. 

(m the 
electrode) 



Zn « Zn++ + 20; 

(in the (in the (in the 

electrode) solution) electrode) 

Since it has long been customary to consider an electric current as 
a flow of positive electricity, it is usually more convenient to express 
the effects at the electrodes as if they involved positive electrons, 
which are denoted by the symbol ©. Thus the above electrode 
effects are expressed by the equations: 

2H+= Ha + 2©; and 2CI-+ 2© -CU. 
Zn + 2© = Zn++; and Cu++= Cu + 2©. 

Furthermore, it is usually advantageous to write the equations so as 
to show the substances that are actually produced or destroyed, and 
not merely the ions that are directly concerned in the mechanism 
of the electrode process. Thus the cathode process in the electrolytic 
decomposition of water (in the presence of a sodium salt) would be 
expressed by the equation 2H20«H2+20H~+2©, and not simply by 
the equation 2H''" = H2 + 2©. In these electrochemical equations. 
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as in other chemical equations, the formulas may represent either the 
molecules and electrons, or the mols of the substances and the f aradays 
of electricity. 

Proh, 8. — FormidaHan of CeUs and Electrochemical Equations. — 

a. Formulate (as in the ansirer given below) the five cells described 
in Prob. 3, showing also the substances produced at the electrodes. 

b. Write electrochemical equations expressing the chemical changes and 
electrical effects at each of the 'electrodes when one faraday passes 
through each of these cells. Ans, First cell: a, C+Cla, Na+Cl" (cone.) 
in HsO, Hs+Fe. ft, Q-H-e- JC1«; HsO-jH,H-OH-H-e. 
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m. ELECTRICAL TRANSFERENCE 

64. Phenomenon of Electrical Transference. — When a current is 
passed through a solution of a salt, base, or acid, in addition to the 
chemical changes taking place at the electrodes in accordance with 
Faraday^s law, a certain quantity of the cation-constituent is trans- 
ferred from the neighborhood of the anode to that of the cathode, and 
a certain quantity of the anion-constituent is transferred in the reverse 
direction. This phenomenon can best be made clear by the considera- 
tion of an actual transference determination. Consider, for example, 
that a 0.02 normal jglu tion of s odium sulfate is electrolyzed at 1 8° in 

an apparatusIiS^ that shown in the figure, 
between a platinum cathode (marked—) and a 
platinum anode (marked +). To avoid stir- 

T, ring of the solution, the electrodes, from which 

hydrogen and oxygen gases are evolved, are 
placed near the surface; the anode, aroimd 
which the solution becomes denser during the 
electrolysis, is placed near the bottom of the 
tube; and the apparatus is immersed in a 
water-bath kept at constant temperatinre. 
The current is stopped before the hydroxide- 
\ion produced at the cathode and the hydro- 
, ' gen-ion produced at the anode have been 
\ ki^nsferred beyond the dotted lines in the 
-' figure. The three portions of the solution 
/'-(called the cathode-portion, middle-portion, 
and anode-portion, and marked C, M, and A, 
respectively) are then separately removed from the apparatus, and 
submitted to analysis. The quantity of sodium and of sulfate present 
in each portion is compared with the quantity of it originally associated 
with the weight of water contained in the portion. It is found, if 
the experiment has been successful, that the middle-portion has 
undergone no change in composition, that the cathode-portion has 
increased its sodium-content and decreased its sulfate-content, and 
that the anode-portion has increased its sulfate-content and decreased 
its sodium-content. It is found, per faraday of electricity passed 
through the solution, that the sodium-content has increased in the 
cathode-portion by 0.39 equivalent and has decreased in the anode- 
portion by the same amount, and that the sulfate-content has in- 
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freased in the anode-portion by 0.61 equivalent and has decreased 
in the cathode-portion by the same amount. 

Proh, p. — The ResuUatU Effects cf Transference and Electrolysis. — 
a. Write electrochemical equations expressing the changes produced by 
the electrol3rsis at each electrode in the experiment with sodium sul- 
fate described above, and tabulate the number of equivalents of 
each ion-constituent produced per faraday by the electrolysis both 
in the cathode-portion and the anode-portion, b. Tabulate also the 
gain and loss caused by the transference per faraday in the number of 
equivalents of each ion-constituent in the cathode-portion and in the 
anode-portion, c. Tabulate the resultant effect of the electrolysis 
and transference on the gain and loss in the number of equivalents of 
sodiiun sulfate, sodium hydroxide, and stdfuric add in the cathode- 
portion and in the anode-portion. 

When either of the constituents whose transference is being deter- 
mined is deposited on or dissolved off the electrode, as is the case when 
a silver nitrate solution is electrolyzed between silver electrodes, the 
quantity of it so deposited or dissolved must evidently be determined 
either by direct weighing or by calculation with the aid of Faraday's 
law, and be subtracted from or added to the change in content of that 
constituent in the electrode portion. 

65. Law of Transference. — The sum of the nimiber of equivalents 
of the cation and anion constituents (Nc and Na) transferred in the 
two directions is equal to the number of faradays (n) passed through 
the solution. That is, Nc+ Na= n. This law, called the law of trans- 
ference, supplementing Faraday's law of electrolysis, is illustrated 
by the data for sodium sulfate given above. 

In the case of mixtures containing various ion-constituents (Ci, 
Cs,. . .Ai, As. . .) all of these are transferred, and the expression of the 
law of transference is: Nci + No, . . + Nai + Nai . . = n. 

66. Transference-Numbers. — The equivalents Nc of cation-con- 
stituent transferred are in general not equal to the equivsdents Na of 
anion-constituent transferred. The experimentally determined num- 
ber of equivalents of any ion-constituent transferred ger faraday of 
electricity, whether in a solution of a single salt or a niixture of salts, is 
caile3 the transference-number x of that constituent. Thus in the case 
of sodium sulfate Tn» = 0.39 and Xso* = 0.61. In accordance with the 
law of transference the sum of the transference-numbers of all the 
ion-constituents is equal to unity. 
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DeiermituUum cf Transference-Numbers. — 

Prob. 10. — Through a o.i formal solution of potassium sulfate 
between platinum electnxies 0.0075 faraday is passed at 25^ The 
cathode-portion after the electrolysis is found to contain 0.1450 g. more 
potassium than was originally associated with the weight of water in 
the portion. Calculate the transference-nimiber of the sulfate-ion. 

Prob, II, — A current is passed at 25^ through a solution of 16.64 g. of 
Pb(NOi)s in 1000 g. of water between lead electrodes until 0.1658 g. of 
silver is deposited in a ooulometer in series with it. The anode portion 
weighed 62.50 gi and yielded on analysis 1. 1 23 g. of P^rOi. Calculate 
the transference-number of the lead-ion. Assume that lead dissolves 
off the anode in accordance with Faraday's law. Ans. 0.439. 

67. The Mechanism of Conduction in Solutions. — Just as Fara« 
day's law shows that electricity is carried from the solution to' the 
electrode only by the ion-constituents, so the law of transference shows 
that through the solution the electricity b likewise carried only by the 
ion-constituents. The only difference is that often only one kind of 
ion-constituent carries the electricity to the electrode, while all the 
ion-constituents present take part in the conduction of it through 
the solution. 

That the ion-constituents do move through the solution can be 
shown by placing the solution of a salt, such as copper sulfate or 
potassium permanganate, whose cation or anion has a characteristic 
color, beneath a solution of a colorless salt, such as potassium sulfate, 
and appl3dng a potential-difference at the electrodes. 

The movement of the ion-constituents is explained by the ionic 
theory as follows. A certain fraction of the molecules of a salt exists 
in the state of positively and negatively charged molecules — the 
cations and anions. When a solution is placed between electrodes 
that are at different potentials, the ions in Aortue of their charges 
are subjected to an electric force which drives them through the solu- 
tion — the cations towards the cathode, the anions towards the 
anode; while the unionized molecules, being electrically neutral, are 
unaffected. The ions are, however, constantly uniting to form union- 
ized molecules, and the latter are constantly dissociating into ions. 
For this reason although at any moment only the ions are moving 
the resultant effect is that the ion-constituent as a whole moves con- 
tinuously towards the electrode. The rate at which the i on-consti t- 
uent moves is equal to the rate at which the ion moves multiplied 
by the ionization of the salt; for the statement that a certalh'E^tion 
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of the molecules is ionized is equivalent t6 the statement that any 
one molecule exists in the form of its ions during that fraction of the 
time. The quantitative application of these considerations to trans- 
ference is discussed in the foUowing article, y 

68. Transference in Relation to the Mobility of the Ions. — The 
electric force / acting on any charged body is equal to its charge q 
multiplied by the potential-gradient; that is, /^Q (dz /dl)^ where 
dE is the change of potential in the distance <8. . Moreover, the velocity 
of any body moving through a mediiun of great frictional resistance 
is proportional to the force acting upon it. Therefore, since the 
resistance to the motion of ions through solutions is very great, the 
velocity u of any given ion is proportional to the potential-gradient; 
that is: f»»n (dE/dl), where u is the velocity under unit potential- 
gradient, called the mobility of the ion. The velocity of the ion- 
constituent is evidently also proportional to the potential-gradient; 
and its velocity under unit potential-gradient is called the mobiUty of 
the ion-constituent. 

As shown in the following problem, the ratio of the mobilities o f 
t he two constituents is equal to the ratio of the transference-numbers. 
and the fraction of the current carried by each constituent is equal 
to its transference-number. 

Prob, 12. — Transference in Relation to Ion-Mobility. — A 0.1 normal 
solution of NaCl at 18^ is placed in a vertical cylindrical tube 2 cm. in 
diameter between electrodes 20 cm. apart. At the upper electrode a 
potential-difference of 50 volts is applied, and the concentration changes 
at the electrodes are eliminated so that the potential-gradient remains 
uniform throughout the tube. The mobilities of the sodium and 
chloride ion-constituents in this solution at 18^ have been found to be 
0.000373 suid 0.000578 cm. per second, respectively, a. Sketch the 
apparatus approximately to scale. Calculate the distance which each 
of the ion-constituents moves in 30 minutes, and locate these distances 
in the sketch with reference to a cross-section radicated ia the middle 
part of the tube. b. Calculate the number of equivalents of each 
ion-constituent transferred through any cross-section in 30 minutes. 

c. Calculate the transference-numbers of the two ion-constituents, and 
show that the ratio of them is equal to the ratio of their mobitities. 

d. Calculate the current due to the migration of each ion-constituent, 
and show that its transference-number is equal to the fraction of the 
current carried by it. Ans. 6, 0.000527 equivalent of Na. 

Prob. 13. — Derivation of the Mobility of Ion-Constituents from Trans- 
ference Experiments. — An ordinary transference determination is 
made at 18^ with o.z normal AgNOt solution in a vertical tube 4 cm. in 
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diameter between silver electrodes 30 can. apart. Aiial3rsis of the 
anode-portion, which is withdrawn at the bottom, shows that 0.00207 
equivalent of silver has migrated out of it. a. Sketch the apparatus, 
indicating a boundary of the anode-portion and a boimdary of a region 
above it which contains all the silver which was transferred out of the 
anode portion, b. Calculate the distance through which the silver 
migrated during the passage of the current, referring to the sketch for 
the relations involved, c. The potential-difference applied at the 
electrodes was 10 vc^ts, and the concentration changes at the electrodes 
were eliminated so that the potential-gradient was uniform. The 
resulting current of 0.0395 ampere passed for 3 hours. Calculate the 
mobility in centimeters per second of each of the ion-constituents. 
Ans, c, 0.000520 for the NO^. 

69. The Moving-Boundary Method of Determining Transference. — 
A direct method of determining transference-numbers is based on 
the proportionality between ion-mobility and transference considered 
I in Art. 68. In this method, which is illustrated by the 
— li- I figure, the relative rates are measured at which the two 
boundaries of a solution of a salt CA move when placed 
between solutions of two other salts C'A and CA', 
^ arranged as in the figure, in which cc and aa represent 
the original positions of the boundaries, c'cf and a'a' 
their positions after a certain time. It is evident that 
; the cation-constituent C moves the distance a/ while the 
anion-constituent A moves the distance aa'; and that 
^ they are moving under the same potential-gradient, since 
they are in the same solution. Therefore the ratio 
c(flaa' is the ratio of the mobilities Uc/Ua, and hence of 
the transference-numbers Tc/Ta. 
The boundaries are most readily seen when the "indicator" ions 
C and A' are colored; but even when the ions are all colorless, the 
boundaries are usually visible because of the different refractive 
power of the adjoining solutions. 

Proh, 14, — Experimental Determination of Transference-Numbers 
by the Moving-Boundary Method, — In a moving-boundary experiment 
an apparatus like that represented in the figure is charged at 18^ with 
solutions of silver nitrate at the bottom, of potassium nitrate in the 
middle, and of potassium acetate at the top. The lower electrode, 
which is of silver, is made the anode. In 90 minutes the lower boundary 
moves 3.00 cm. and the upper boundary 3.88 cm. Sketch the apparatus, 
indicating the positions of the three solutions and the boundaries 
between them at the beginning and end of the experiment. State what 
transference-nimibers can be derived, and calculate their values. 
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*In order that the boundary between the two solutions C'A and CA 
remain sharp, it is essential that the ion C have a smaller mobility 
than the ion C which precedes it. For evidently, if any quantity of 
this ion C, through migration or convection, should enter the solution 
CA, it would in consequence of its lesser mobility move in that solution 
with a smaller velocity than the ion C and drop back to the boundary. 
That the ion C does not, as a result of its smaUer mobility, lag behind 
and thus destroy the sharpness of the boundary, is due to the facts 
that, when it begins to do so, its concentration in the region behind the 
boimdary decreases, and consequently the resistance of the solution 
and therefore the potential-gradient in that region increases, which in 
turn increases the actual velocity of the ion and brings it back to the 
boundary. It can be shown (as in Prob. 38, Art. 80) with the aid of the 
principles correlating resistance with concentration and ion-mobilities 
(considered in Art. 73) that the concentration of the substance C'A 
automatically adjusts itself so that the ratio of this concentration to 
that of the substance CA is equal to the ratio of the transference 
niunber of the ion-constituent C in the solution C'A to that of the 
ion-constituent C in the solution CA. 

70. Change of Transference-Numbers with the Concentration. — 
The following table shows the transference-numbers of some typical 
substances at 18° at a series of concentrations. 

Transfekence^Numbers at Vaxious Concentsations 



EouipaUiU 




Amom Tramf»$HC9-Numb€n 


r 


per Uier 


Ka 


ECl 


Naa 


0.00 


0.504 


0.172 


0.602 


0.01 


0.504 


0.167 


0.604 


0.05 


0.504 


0.166 


0.605 


O.IO 


0.505 


0.165 


0.607 


0.20 


0.506 


0.163 


0.610 


1.00 


— 


0.156 


0.631 



It will be noticed that the transference-number in the case of po- 
tassium chloride does not change appreciably with decreasing concen- 
tration below 0.1 normal. It is therefore to be inferred that the 
transference-number will have this same value (0.504) as the con- 
centration approaches zero, as shown in the table. The value at zero 
concentration evidently corresponds in general to a definite ratio of 
the mobilities of the ions in pure water; and an accurate knowledge 
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of one such value is of importance, since it enables the conductances 
of all the various ions to be evaluated, as will be shown in Art. 76. 
The transference-numbers given in the table for sodium chloride and 
hydrochloric acid at zero concentration are not the results of trans- 
ference measurements, but were derived conversely from the con- 
ductances of the separate ions. 

The transference-numbers for sodium chloride and hydrochloric 
add change considerably with the concentration even below 0.2 
normal. Thus the change in the transference-numbers in passing 
from 0.2 normal to 0.0 normal corresponds to a change in the ratio 
of the mobilities of the chloride and sodium ions from 1.56 to 1.51 
(or 3.2%) and in the ratio of the mobilities of the hydrogen and chloride 
ions from 5.14 to 4.81 (or 6.4%). This change in the relative mobilities 
of the two ions has an important bearing, considered in Art. 74, on the 
change of conductance with the concentration; for it shows that a 
change in the actual mobility of some of the ions takes place even at 
these low concentrations. Thus, if the chloride ion has the same 
mobility at the concentrations 0.2 and 0.01 normal, the sodium ion 
must have a 3.2% smaller mobility in the 0.2 normal solution; but the 
chloride ion also may well have a smaller mobility at 0.2 than at o.oi 
normal, in which case the mobility of the sodium ion would decrease 
by even more than 3.2%. 

At concentrations above 0.2 normal the transference-number often 
changes rapidly with increasing concentration. This may be due to a 
variety of influences not affecting the values at smaller concentrations. 
Thus it may arise from a change in the frictional resistance of the 
medium; from hydration of the ions, which causes water to be trans- 
ferred and thus affects the transference value, since this is computed 
under the assumption that the water is stationary; fron} existence of 
intermediate ions or complex ions, which in concentrated solutions 
are more likely to be present in considerable quantity. '^ 

71. The Composition of Ions Determined by Transference Experi- 
ments. — Transference experiments furnish in many cases useful 
information as to the nature of the ions present in the solution. Thus 
they may show, as illustrated by the following problems, the formation 
of complex cations or anions and the existence of hy drated ions. They 
may also indicate the extent to which salts are hydrolyzed in 
solution. 
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ParmaHan of Complex Ions. — 

Prob» 15, — When a current is passed througb a solution of potassium 
silver cyanide (RCN.AgCN) silver deposits on the cathode and the 
cathode-portion loses 1.40 equivalents of silver and 0.80 equivalent of 
cyanogen, and gains 0.60 equivalent of potassium per faraday. a. Ex- 
plain what this shows in regard to the composition of the ions and 
their transference-nimibers. h» Write an electrochemical equation 
showing the substances actually produced and destroyed. 

Proh. 16, — A transference experiment is made by passing o.oi fara- 
day through a solution 0^2 formal in AgNOt and 0.6 formal in NHt 
between silver electrodes at 18^. The anode-portion is found to gain 
0.0053 equivalent of silver and to lose 0.0094 formula-weight of NH«. 
Explain what this shows in regard to the composition of the ions. 
(Silver dissolves at the anode in accordance with Farada3r's law.) 

*Pr6b, 17. — The Hydration of Ions, — In a transference experiment 
0.0629 faiaday was passed at 25° through a solution placed between 
a silver anode and a silver cathode coated with silver, chloride and 
containing 1.21 formula-weights of NaQ and o.i formula-weight of 
laffinose (CisEUiOie) in 1000 g. of water. The anode-portion was 
foimd by analysis to contain 0.96 g. less water and 1.41 g. less NaCl 
than was originally associated with the raffinose present in that portion, 
a. Calculate the number of mols of water and the nimiber of equivalents 
of sodium transferred per faraday from the anode to the cathode, assum- 
ing that the raffinose does not migrate, b. Assimiing no hydration 
of the chloride ion, calculate the niunber of molecules of water associated 
with the atom of sodium in the sodium ion. c. Assuming the chloride 
ion to be hydrated with x molecules of water, derive an expression for 
the hydration of the sodimn ion. Ans. c, 2.0 + 1.61 x. 

Transference experiments, like that described in the preceding 
problem, have been made with various other chlorides for the purpose 
of determining the hydration of the ions. These experiments have led 
to the following mean values for the number of molecules of water 
contained in other ions, assuming the immber in the chloride ion to 
be X molecules: 

Er+: 0.28+0,185 X. Na+: 2.0+1.61 x. 

Cs"*" : 0.67 + 1.03 X. U '*': 4.7 + 2.29 x. 

K'*': 1.3 +I.02*. 
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IV. ELECTRICAL CONDUCTANCE 

72. Condttctancey Specific Conductance, and Equiralent Conduct- 
ance. — According to Okm^s law, the current i flowing between two 
planes of a conductor is proportional to the potential-difference £ at 
those planes. The ratio of the current to the potential-difference is 
called the conductance l; and the inverse ratio, the resistance &. 

; That is, 

^k i/e=l, and e/i=r. 

When the current is expressed in amperes and the potential-differ- 
ence in volts, the resistance is in ohms and the conductance in recipro- 
cal ohms. An ohm is the resistance, and a reciprocal ohm (or mho) the 
conductance, of a column of mercury at o° one square millimeter 
in cross-section and 106.3 centimeters long. 

In accordance with these definitions, the conductance, expressed 
in reciprocal ohms, of any conductor is the number of coulombs which 
pass per second when the potential-difference at the ends is one volt. 

The conductance of a homogeneous body of uniform cross-section 
is proportionlal to its cross-section a and inversely proportional to its 
length /. That is, L = Za/l. The proportionality-factor l, which is 
the conductance when the cross-section is one square centimeter and 
the length one centimeter, is called the specific conductance, It$ 
reciprocal is called (he specific resistance. 

It has been shown by transference measurements and by other con- 
siderations that in aqueous solutions of salts, acids, and bases, the ions 
of the water are present at a concentration which is negligible even 
when the concentration of the ions of the solute is as small as o.oooi 
normal. The conductance of such solutions therefore arises only from 
the motion of the ions of the salt, acid, or base; and it is convenient to 
Nemploy a concept by which the conductance may be referred to one 
equivalent of the solute. Such a concept is equivalent conductance A, 
which is defined to be the conductance of that volume of solution 
which contains one equivalent of salt, add, or base, when placed 
between parallel electrodes one centimeter apart. Since the equivalent 
conductance varies with the volume of the solution in which the 
equivalent of salt is dissolved, it is necessary to specify the normal 
concentration to which any given value refers. Thus, in accordance 
with these statements, the equivalent conductance A0.1 of a salt in 
0.1 normal solution denotes the conductance of 10,000 cubic centi- 
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meters of that solution when placed between parallel electrodes one 
centimeter apart. 

RekUians between Conductance, Specific Conductance, and Equivalent 
Conductance, — 

Prob. 18, — Find the spedfic conductance in reciprocal ohms of 
mercury at o®. 

Prob. jg. — a. Derive an algebraic relation expressing equivalent con- 
ductance in terms of specific conductance and of concentration in 
equivalents per cubic centimeter, b. Calculate the specific conduc- 
tances of o.i and o.oi normal NaCl solutions whose equivalent con- 
ductances at 18^ are 92.0 and 101.9 reciprocal ohms, resi)ectively. 

Prob, 20, — A o.i normal AgNOt solution at 18^ is placed in a tube 
4 cm. in diameter between silver electrodes 12 cm. apart. A potential 
difference of 20 volts at the electrodes produces a current of 0.1976 
ampere. Calculate the conductance, the specific conductance, and the 
equivalent conductance of the solution. 

Prob, 21. — The equivalent conductance of a o.oi normal CUSO4 solu- 
tion at 18*^ is 71 .7 reciprocal ohms. Calculate the resistance of a column 
of it 20 cm. long and 5 sqcm. in cross-section. 

Prob. ^2. — Experimental Determination of Spec^ Conductance. — 
In a cylindrical vessel with fixed platinum electrodes are measured 
in succession the resistances at 18^ of a o.oi normal KCl solution, a 
o.ooi normal KtSOi solution, and the distilled water used for prepar- 
ing these solutions (which has an appreciable conductance due to 
impurities, such as carbonic acid and anunonium hydroxide). These 
resistances are found to be 97.8, 937, and 100,000 ohms, respectively. 
a. Find the conductances in the vessel of the two solutions and of the 
water; also the conductances which the two solutions would have 
shown if the water had been free from the impurities (which do not 
react chemically with the neutral salts), b. From these results and 
the specific conductance at 18^ of pure o.oi normal KCl solution, 
which is known to be 0.001225 reciprocal ohm, calculate the specific 
conductance of pure o.ooi normal K4SO4 solution. Ans. b, 0.0001268. 

• 

73. Conductance In Relation to the Mobility of the lon-Constit- 
ttents. — The discussion of the mechanism of conduction in solutions 
in Arts. 67 and 68, considered in connection with the definition of 
equivalent conductance given in Art. 72, leads to the following princi- 
ples, which are further illustrated by the problems below. 

(l) Thft. pq^iiYal^^Ti^- mnHiirtQnrft nf a Rii>>st,{^nri> iL\ any f^qrpnfrp- 
ti on is^ ^ ^HTTi of thi* pqiiivalcnfj-nnHiu^grypg nf the.lQQi^OnstituentS 
a fjjiaj_i;;ftnrpnf rat if>n \ and the tTa.T\sfergnrp-TiiiTnh<>r nf an inn-rpn- 

«tit"^t is the ratio o^ ^*»« figi nS'nlrnt no n Hnrt a nrft fn the sum of the 
equ ivalent conductanc es of. the two . ion-constituents. ^ That is, 
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Af*Ac+AAKTc=T-3jT- OT T^= . ^ , where Ac and Aa axe the 




equivalent cononctaaces of the cation and anion constituents at any 
definite concentration. 

(2) The equivalent conductance of an ion-constituent in any solu- 
tion is equal to the product of its mobility u in that solution by the 
di3^ g^j^}an ooe^uivalent; that is, Ac »nc f, and Aa =Ua f. 

Prob. 23, — EgutvakfU Conductance in Relation to the Mobilities of 
the Ion-Constituents. — Derive principle (2) stated above by considering 
the number of equivalents of each constituent that reaches the electrode 
per second in an apparatus corresponding to the definition of equivalent 
conductance. 

Prob. 24. — Spec^ Conductance in Rdation to the Concen^aiians 
and Mobilities cf the Ion-Constituents. — Derive an expression for the 
specific conductance l of a solution containing KCl at concentration Ci 
and NaNQt at concentration c% by considering the number of equivalents 
of each constituent that reach the electrodes per second in an apparatus 
corresponding to the definition of specific conductance. 

74. Change of Equivalent Conductance with the Concentration. — 
The effect of the concentration on the equivalent conductance of 
various types of substances is illustrated by the following table. 

Equivalent Conductance at i8** 

KaSCk HCl 

71.6 — 

94.9 35 M 

iiS-8 3^0.3 

126.9 375.9 

130-7 378ri 

132.0 378.3 

The equivalent conductance is seen in all cases to increase with 
decreasing concentration, and in the case of the first three' (largely 
ionized) substances to approach at the lower concentrations a constant 
limiting value. This limiting value, which by definition is the value 
approached by the conductance of one equivalent of substance between 
electrodes one centimeter apart as the volume in which it is dissolved 
approaches infinity, is called the equivalent conductance at zero con- 
centratioHf and is denoted by Ac. This value corresponds to complete 
ionization, as will be shown later. 

In the case of largely ionized substances, the Ac value is obtained 
by extrapolation from the values measured at concentrations between 
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0.1 and 0.0001 nonnal. In the case of substances (such as acetic acid) 
that are not largely ionized, the equivalent conductance is far removed 
from the limiting value corresponding to complete ionization, even 
at the lowest concentration at which accurate measurements can be 
made. For such substances the Ac value cannot be directly derived, 
but is obtained with the aid of the principles that the equivalent 
conductance of a substance is the sum of the equivalent conductances 
of its ion-constituents, and that at zero concentration any definite* 
ion-constituent has the same conductance whatever be the other ion- 
constituent with which it is associated. This last principle is a 
consequence of the facts that at zero concentration the ion-constitu- 
ents are present wholly in the form of the (free) ions, and move through 
the same medium (pure water), whatever be the substance from which 
they originate. 

Proh. 2$. — DerivaHon cf Ao Values for SlighUy Ionized Substances. — 1 
a. Derive the Ao value at 18** for HCiHiQi from the above stated ^^^ 
principles and the following data. The Ao values for HCl, NaCl, and 
NaCtHsO^ derived by direct extrapolation from observed data are 
378.3, 108.5, and 78.2 respectively, b. State what Ao values obtainable 
by extrapolation might be used to derive the Ao value for NH4OH, a 
slightly ionized substance. 

The conductance of slightly ionized substances (such as acetic add) 
changes with the concentration in the way that the mass-action law 
requires, assuming that the conductance is proportional to the ioniza- 
tion, as will be considered in Art. 75. But this is not even approxi- 
mately true of the conductance of largely ionized substances (like 
sodium chloride, hydrochloric add, and potassium sulfate). In the 
case of these substances, the fractional decrease of the equivalent 
conductance is dosely proportional to the cube-root of the concentra- 
tion for uniunivalent salts between o.ooi and 0.2 normal, and some- 
what less accurately so for unibivalent salts between o.ooi and o.i 
normal. This empirical prindple is expressed by the equations: 

^^^Bci; or A=Ao(i-5c»). 
Ao 

In these equations £ is a constant for any definite substance at a 
definite temperature. Its value is not greatly different for different 
salts of the same valence type, and it varies only slightly with the 
temperature. Thus at 18° or 25® its value varies only between 0.30 
and 0.45 for uniunivalent salts, and between 0.50 and 0.75 for imi- 
bivalent salts. For largdy ionized uniunivalent acids and bases the 
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value is somewhat smaller than for the neutral salts; thi^ for hydro- 
chloric acid it is 0.17. This equation is approximately true for any 
definite substance also when other largely ionized substances are 
present with it in the solution, the concentration c then denoting the 
sum of th^ normal concentrations of all the substances. 

*Prob. 26, — a. Plot the values of the equivalent conductance of 
sodiiun chloride and of potassiiun sulfate given in the above table as 
ordinates against the cube-root of the concentration as abscissas, in- 
cluding also the A values at 0.2 normal, which are 87.7 for NaG and 
. 87.7 for KsS04; and draw a smooth curve through the points, h. By 
extending the straight-line portion of the graph find the values of Ao 
and of the constant B to which the cube-root equation leads. (The 
value of Ao occurring in the cube-root equation is slightly larger (about 
1% for uniunivalent salts) than that obtained by extrapolating with 
the aid of functions whidi correspond more closely to the observed 
conductance values at concentrations between o.ooi and o.oooi normal. 
The cube-root equation seems to become inexact at these veiy small 
concentrations). 

The specific conductance of mixtures of largely ionized substances 
has been found to be determined by the principle that each of the 
substances has aj^roximately that equivalent conductance which it 
would have if it were present alone in the solution at a normal con- 
centration equal to the sum of the normal concentrations of all the 
subsi^nces present. With the aid of this principle the specific con- 
ductance of such mixtures can be calculated; it being noted that each 
substance contributes to the specific conductance an amount equal to 
the product of its equivalent conductance in the mixture by its normal 
concentration. 

Specific Conductance of Mixtures of Largely Ionized Substances, — 

Prob. 27. — Find the specific conductance at 18^ of a solution 0.08 
normal in NaCl and 0.02 normal in HCl, referring to the above table of 
conductances for the data needed. 

*Prob. 28, — Find the specific conductance at 18^ of a solution 0.10 
normal in KtS04 and 0.05 normal in NaCl, with the aid of the plot 
made in Prob. 26. 

76. Conductance in Relation to the Concentration and Mobility of 
the Ions. — The relation of conductance to the mobility of the ion- 
constituents was considered in Art. 73. It remains to consider its 
relation to the concentration and mobilities of the ions; for it is the 
motion of the ions themselves which really constitutes the mechanism 
of conduction. 
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It has already been explained in Art. 67 that the mobility Uc or 
Ua of an ion-constituent at any definite concentration c is equal to the 
mobility nc+ or Ua- of the (free) ion at that concentration multiplied 
by the ionization 7 of the substance; that is, Uc= YUci- and Ua^tUa-. 
Combining this principle with the principles (Art. 73) that the equiva- 
lent conductance of an ion-constituent at any definite concentration is 
the product of its mobility by the charge F on one equivalent, and that 
the equivalent conductance of a substance at any definite concentra- 
tion is the sum of the equivalent conductances of its ion-constituents 
at that concentration, the following algebraic expression for the equiva- 
lent conductance A of a substance is obtained: 

A = 7Uc+P + 7Ua- F. (i) 

For the specific conductance the corresponding expression is: 

£«C7Uc+F + C7Ua- F. (2) 

These equations express the fundamental factors determining 
conductance. These factors are: (i) the number of equivalents of 
(free) cations and anions (the carriisrs of the electricity) between the 
elecfrodesj^ (2) the mobilitijes_of these ions (that is, their velocities 
under a potential-gradient of one volt per centimeter), and (3) the 
quantity oF electricity (q 6 | «;oo i:oulombs) carried by each equivalent 
of ions. 

'"Tiny variation in the equivalent conductance of any definite sub- 
stance must therefore be due to a change either in the number of ions 
resulting from the ionization of the substance or in the mobilities of its 
ions; or to both these effects. Thus, since the limiting value Ac of 
the equivalent conductance approached as the concentration ap- 
proaches zero obviously corresponds to complete ionization of the 
substance and to the mobility of its ions in pure water, the smaller 
values of A observed at larger concentrations must arise from a de- 
crease either in the ionization or in the mobility of the ions or from 
changes in both of these quantities. In other words, the ratio of the 
equivalent conductance at any concentration to that at zero concen- 
tration, hereafter called simply the cand/ucUmcerfoHo, is expressed in 
terms of the fundamental factors determining conduction by the 
following equation: 

Ao ^(uc+)o+(Ua-)o ^^ 

This relation presupposes that the nature of the ions does not 
change with increasing concentration; thus the conductance-ratio 
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would not be determined solely by the ionization of H2SO4 into H*^ 
axkd SO4 ions and by the mobilities of these ions, if an appreciable 
proportion of HS04'~ ions were present at the larger concentrations. 
In such a case, the conductance-ratio would have no simple significance. 
So long as the solution is so dilute that it does not differ appreciably 
from pure water as a medium offering frictional resistance to the 
motion of the ions, the mobility of the ions may be expected to remain 
constant. In that case, and provided that only the same kinds of 
ions are present at the higher concentration as in the very dilute 
solution, the conductance-ratio is equal to the ionization; that is: 

This principle may be employed for determining the ionization of 
slightly and moderately ionized substances up to concentrations such 
as 0.1 to 0.2 normal. 

Prob. 2g, — DelerminaHan cf lonizaHanfrom (he Canductance-RaUo. — 
From the data given in the table of Art. 74, calculate the ionization of 
acetic add at 18^ in o.z and o.oi normal solutions. 

In moderately concentrated solutions the frictional resistance to 
the motion of the ions must be appreciably different from that in 
pure water; and the conductance-ratio A/Ao cannot therefore be an 
exact measure of the ionization. An approximate estimate of the 
variation of this frictional resistance is given by the ratio of the vis- 
cosity 17 of the solution to the viscosity rih of pure water at the same 
temperature. This viscosity-ratio rj/rio is determined by measuring 
the relative times required for equal volumes of the solution and of 
pure water to flow through the same capillary tube, when subjected 
to the same pressure. A film of the liquid adheres firmly to the waUs 
of the tube; and the phenomenon of the flow consists essentially in the 
slipping of the successive cylindrical shells of liquid past one another. 
Viscosity is therefore a property which depends on the frictional re- 
sistance to the motion of the molecules of the liquid past one another; 
and it may be expected to be roughly proportional to the frictional 
resistance to the motion of the ions through the same solution. The 
mobilities of the ions would then decrease in the same proportion as 
the viscosity of the solution increases; that is: 

(Ucf)oH-(uA-)o 1?' ^^ 

By substituting this viscosity-ratio for the ratio of the mobilities of 
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the ions in the general expression for the conductance-ratio (equation 
(3), there results the relation 

A0170 
That is, in case the viscosity is the only influence affecting the mobili- 
ties, as seems to be approx'mately true as long as the concentration 
of ions in the solution is small (not greater than about o.oi normal), 
the ionization is approximately equal to the conductance-viscosity 
ratio. This ratio therefore serves to determine the ionization of 
slightly ionized substances up to fairly large concentrat'ons 

Prob, 30. — Determination of Ionization from the Conductance-Viscosity 
Ratio. — Calculate the ionization of acetic add in i normal solution 
from the conductance values given in the table of Art. 74 and from the 
fact that the viscosity of i normal acetic add solution at 18^ is 1. 113 
times as great as that of pure water. 

The viscosity correction may be large also in the case of salt solu- 
tions, as is shown by the following values of the viscosity-ratio at 18 "" 
and I normal. 

Salt KG LiCl MgCl. E:tS04 MgS04 

v/Vo 0.982 1.150 1.213 i.ioi 1.381 

The deviation of the ratio from unity at smaller concentrations is 
approximately proportional to the concentration; thus at o.i normal 
it is about one tenth of that at i normal. 

In the case of salts, however, this influence of viscosity is super- 
posed on another influence on the mobility of the ions which seems to 
be large at small ion-concentrations (even at 0.01 normal). Direct 
evidence that there is such an influence is afforded by the change 
in transference-munbers at small concentrations (below 0.2 normal) 
discussed m Art. 70. This influence makes the conductance-ratio 
an uncertain measure of the ionization of largely ionized substances^ 
even at small concentrations. The ionization of such substances is 
considered in detail in Art. 79. 

76. Conductance of the Separate Ion-Constituents. — Sino^ the 
equivalent conductance of a substance at any definite concent9tion 
is the sum of the equivalent conductances- of its ion-constituents, and ' 
since the transference-number of either ion-constituent is the ratio of 
its conductance to the total conductance (Art. 73), the equivalent 
conductance of either ion-constituent at that concentration is obtained 
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by multiplying its transference-number by the equivalent conductance 
of the salt. 

The equivalent conductance of ion-constituents derived in this way 
increa:^s with decreasing concentration, and approaches a limiting 
value as the concentration approaches zero, which is the same what- 
ever be the other ion-constituent which is present with it. This 
limiting value is the equivalent conductance of the ion itself in pure 
water, hereafter called simply the ion-conductance. 

The ion-conductances for the various ions have been derived, as 
illustrated by the following problem, by the additivity principle from 
the equivalent conductances of their salts at zero concentration with 
the aid of a single transference-number, that for potassium chloride, 
which is the one best known at small concentrations. 

Prob. 31, — Detenninaiion of Ion-Conductances, — a. Calculate the 
ion-conductances of the potassium and chloride ions at 18^ from the 
transference values given in Art. 70 and from the value 129.6 of the 
equivalent conductance at zero concentration of potassium chloride. 
h. Calculate the ion-conductances of the sodium, hydrogen, and sulfate 
ions at 18^ from the conductance values in the table in Art. 74. 

The following table contains the values of the ion-conductances for 
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The ion-conductance always increases rapidly with the temperature; 
for example, at 18^ by about 1.8 percent per degree in the case of the 
fast-moving hydrogen and hydroxide ions and by 2.1 to 2.6 percent in 
the case of other ions. This increase of conductance evidently cor- 
responds to an equal percentage increase in the mobility of the ion. 

Proh, 32. — lofhCanductance in Relation to Atomic Weight and Hydra-^ 
tion of the Ions. — a. From a consideration of the table state the relation 
that exists between the ion-conductances and the atomic weights of the 
different elementary ions belonging to the alkali group and to the al- 
kaline-earth group, b. State how this relation might be explained by 
iference to the hydration of the ions described at the end of Art. 71. 

From these ion-conductances the Ao value for the various salts 
can be obtained by simple addition. This fact is of especial impor- 
tance in the case of substances for which the Ao value cannot be 
derived from conductance measurements by extrapolation. This is 
true of weak bases and acids, such as ammonium hydroxide and acetic 
add, whose ionization is far from complete even in dilute solution; 
it is also true of salts, such as ammonium acetate, which are appreci- 
ably hydrolyzed in dilute solution. 

77. Determination of the Concentration of Ions and of Largely 
Ionized Substances by Conductance Measurements. — Conductance 
measurements are often employed, both in scientific and technical 
work, for determining the concentration of the ions in solutions and 
deriving therefrom the concentration of the largely ionized substances 
that may be present 

When the ion concentration is so small (not greater, for example, 
than o.ooi normal) that its influence in decreasing the mobilities 
of the ions can be neglected without serious error, the ion-con- 
centration can be calculated from the measured specific conductance 
simply with the aid of the ion-conductances (as in Probs. 33 and 34). 
When the ion-concentration is so large that this influence cannot be 
neglected, it is first roughly estimated with the aid of the ion-con- 
ductances, and the concentration of the substance is then accurately 
determined by using the known values of the equivalent conductance 
of the substance in the neighborhood of the estimated concentration 
(as in Prob. 35). 

Prob, 33. — Determination of the Solubility of Slightly Soluble Sub^ 
stances, — When water at 18^ is saturated with silver chloride, its 
specific conductance is increased by i . 25 X lo"* reciprocal ohm. Calcu- 
late the solubility of silver chloride in equivalents per liter. 



/ 
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Proh, 34. — Determinaiion of the Concentration of the Ions in Pure 
Water. — The specific conductance of pure water, resulting from its 
dissociation into H+ and 0H~ ions, is 3.8X10"' reciprocal ohm at 18**, 
and 5.8Xio~' reciprocal ohm at 25°. Calculate the concentration 
of the ions in equivalents per liter at each of these temperatures. 

Prob, 35. — Determination of the Hydrolysis cf Salts, — A 0.02 normal 
NH4CN solution has at 25^ a specific conductance of 0.00136 redprocal 
ohms. This salt is largely hydrol3rzed in accordance with the equation 
NH4CNH-H,0=NH40H+HCN, and the NH4OH and HCN are so 
slightly ionized in the presence of their salt as to have only a negligible 
conductance. The ion-conductances of NH4'*" and CN"" at 25® are 
74.5 and 70, respectively. Assuming that the equivalent conductan(||» 
of unhydrolyzed NH4CN decreases with the concentration in the same 
ratio as does that of NaCl (given in the table of Art. 74) calculate the 
fraction of the salt that is hydroly2sed. Ans. 50%. 



1 
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V. THE IONIZATION OF SUBSTANCES 

78. Ionization of Substances Not Largely Ionized. — As shown in 
Art. 75, the conductance-ratio or conductance-viscosity ratio can be 
considered substantially equal to the ionization so long as the total 
concentration of ions in the solution is small (not greater than about 
o.oi normal). The ionization values for many slightly and moder- 
ately ionized acids and bases have been determined in this way, with 
the results stated in the following paragraph. 

Adds and bases, imlike salts, exhibit at any moderate concentra- 
tion, such as o.i normal, every possible degree of ionization between 
a small fraction of one percent and nearly 100 percent. There is, to 
be sure, a fairly large group of acids and bases, including HCl, HBr, 
HI, HNOs, HClOs, KOH, NaOH, LiOH, Ba(OH),, Ca(0H)2, which 
like neutral salts are almost completely ionized. But outside of this 
group all possible values are met with, as illustrated by the following 
approximate values of the percentage ionization (100 y) at 25^ and 
o.i normal. 

Pexcentage Ionization oy Acms and Bases 

HjSOs (into H+ and HSOs") 34% 

H,P04 (into H+ and HaPOr) 28 

HNOiandHF 8 

^HCjH A and NH4OH 1 ^ 

as, HtCO,, and HCIO 0.1 

HCNandHBQj 0.002 

Polybasic adds are known to ionize in stages, giving rise to the 
intermediate ion; and the first hydrogen is almost always much more 
dissociated than the second, and the second much more than the third 
Thus HiSOs at 0.1 normal at 25^ is about 34 percent dissociated into 
H"*" and HSOj~, and less than 0.1 per cent dissodated into H+ and 
SOa * . Methods by which the dissociation of the successive hydrogens 
can be determined are referred to in Art. 106. 

A few salts of higher valence types form marked exceptions to the 
prindple that salts are almost completely ionized. Thus at 0.1 
normal and 25 •, the value of the conductance-ratio for cadmium 
chloride is 0.45 and the values for the mercuric halides are less than 
o.ooi. 

79. Ionization of Largely Ionized Substances. — There are many 
facts which indicate that neutral salts and largdy ionized imivalent 
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acids and bases, like hydrochloric add and potassium hydroxide, are 
completely or almost completely ionized up to moderate concentra- 
tions, such as 0.2 normal, and that the decrease in the equivalent 
conductance of such substances up to these concentrations is therefore 
due wholly or aknost wholly to a decrease in the mobility of the ions. 
This hypothesis of complete ionization is in contrast with the hypothe- 
sis of constant ion-mobility, according to which the decrease in equiva- 
lent conductance is wholly or mainly due to a decrease in the ioniza- 
tion of the substance. 

The h3^thesis of constant ion-mobility, which has ordinarily been 
employed in the development of the ionic theory, is directly contra- 
dicted by the experimental evidence, mentioned in Art. 70, which 
indicates that the transference-number for certain substances, and 
therefore the ratio of the mobilities of their two ions, changes con- 
siderably with the concentration, even when this is not greater than 
0.1 normal. 

The hypothesis of constant ion-mobility, moreover, leads to a re- 
markable uniformity in the ionization-values for substances of the 
same valence type. Namely, if the conductance-ratio or the con- 
ductance-viscosity ratio is regarded as a true measure of ionization, 
it is necessary to conclude from the facts (stated in Art. 74) in r^ard 
to the fractional decrease of equivalent conductance with the con- 
centration that different salts of the same valence type have at any 
definite concentration nearly equal ionization values. Thus at iS"" 
and 0.1 normal the conductance-viscosity ratio, and imder this hy- 
pothesis the ionization, has for various salts the following values: 
0.852 for NaCl 0.814 for AgNOs 0.827 for KClOs 

0.759 ^^^ BaCl2 0.731 for Ca(N08)2 0.704 for Na2S04 
This behavior of salts would indicate that the extent to which their 
ions in solution combine to form neutral molecules is primarily deter- 
mined, not by their chemical nature, but only by the magnitude of 
the charges which they carry. While this is possible, it would signify 
a new type of chemical combination; for all other chemical reactions 
are found to depend in a highly specific way on the nature of the 
atoms and atom-groups imiting with one another, as is the case even 
in the union of hydrogen-ions with anions to form adds or of hydroxide- 
ions with cations to form bases. 

Another phenomenon, which seems anomalous if the conductance- 
ratio is regarded as equal to the ionization, is the approximate pro- 
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portionality between the decrease of this ratio and the cube-root of 
the concentration, whether the salt be of the uniunivalent type or the 
imibivalent type; whereas the mass-action law requires (as shown 
in Art. 103) for either of these types a relation very different from the 
cube-root function, and moreover, a relation which is a different 
fimction for the two valence types. 

This divergence which the ionization values derived under the 
hypothesis of constant ion-mobility show from the requirements of the 
mass-action law can, to be sure, be explained by assuming that the 
ions do not behave as perfect solutes and that therefore they exert 
an abnormal mass-action effect. For, as will be shown in Art. 141, 
the mass-action law is valid only when the substances involved in the 
equilibrium to which it is applied (in this case to the equilibrium 
between the ions and the unionized part of the salt) behave as perfect 
solutes. Moreover, the ionization values derived from the effect of 
salts on the molal properties of solutions, such as the vapor-pressure 
and freezing-point, under the assumption that the ions and unionized 
molecules are perfect solutes, show that this assumption cannot be 
correct; for, though these ionization values as a rule agree well with 
those derived from the conductance, yet like the latter they do not 
change with the concentration even approximately in accordance 
with the mass-action law. 

The foregoing considerations may be summed up as follows: 
(i) either hypothesis explains equally well the conduction through solu- 
tions; (2) either hypothesis, in order to account for all the facts, must 
be supplemented by the further hypothesis that the ions are not 
perfect solutes and therefore have abnormal effects on the molal 
properties of solutions and an abnormal mass-action in determining 
equilibrium; (3) the hypothesis of constant ion-mobility leads to 
improbable consequences in regard to the ionization of largely ionized 
substances, and requires for the expression of the mass-action of an 
ion-constituent at each concentration, not only (as does the other 
h3^thesis) a coefficient expressing the deviation of the behavior of 
the ions from that of perfect solutes, but also an ionization-value 
expressing their concentration which cannot be determined by any 
reliable method. 

Since in the present state of our knowledge the hypothesis that the 
ionization of largely ionized substances is substantially complete up 
to moderate concentrations serves to explain the facts as satisfactorily 



1 26 ELECTROLYTIC BEHAVIOR OF SOLUTIONS 

as the alternative hypothesis, and since it is simpler in its application, 
it is employed in the following chapters. In using thi^ principle the 
possibility must, however, be kept in mind that a more complete 
study of the properties of largely ionized substances may show that 
neither of these hypotheses is alone adequate to explain fully their 
behavior; in other words, it may prove necessary to assume that both 
the ion-mobilities and the ionization of these substances vary with the 
concentration. 
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VI. AFPUCATIONS OF THE LAWS OF CONDUCTANCE AND TRANSFERENCE 

80. Review Problems. 



Prob, j6. — a. A 0.06 fonnal solution of Cls in water in which a partial 
reaction has taken place according to the equation Cla-fHsO»HCl 
+HC10 has a freezing-point of —0.180**. Calculate what fraction of 
the Cls has undergone change, regarding the HCIO as unionized and 
the ions of the HCl as perfect solutes, b. Calculate the fraction that 
has undergone change from the following data. The solution has a 
specific conductance of 0.00472 reciprocal ohm at o^. The equivalent 
conductances of HCl at o^ between 0.0 and o.i normal are 0.700 times 
those at 18^ given in Art. 74. Ans, a, 0.31. > 

Prob. JT*. — A 0.1 normal solution of chlorplatinic add, HsPtCU, is 
electrolyzed at 25^, platinum alone being deposited on the cathode. 
Assume that this acid dissociates into 2H'^ and PtCU" ions, whose 
equivalent conductances at 25^ are 347 and 68, respectively, and that 
these ions are the only ones present that carry a significant fraction of 
the current through the solution, a. Write the electrochemical equa- 
tion expressing the cathode process. 6. Find what changes in the 
hydrogen, chlorine, and platiniun content, expressed in terms of the 
niunber of atomic weights of each element, take place in the cathode 
portion when 4825 coulombs are passed. Ans. b, loss of 0.0166 at. wt. 
of Pt. 

*Prob. j8. — From the fact that in a moving-boimdary experiment, 
like that represented in the figure of Art. 69, the ion-constituent C' 
must move in the region behind the boundary with the same actual 
velocity as the ion-constituent C moves in the region beyond the 
boundary, and from the fact that the respective potential-gradients 
in these two regions are proportional to the specific resistances there 
prevailing, show that the ratio of the resulting concentrations of the 
salts C^A and CA in these two regions is equal to the ratio of the trans- 
ference-number of the ion-constituent C^ in the solution of C^A to that 
of the ion-constituent C in the solution of CA. 
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CHAPTER VI 
THE RATE OF CHEMICAL CHANGES 



I. THE EFFECT OF CONCENTRATION ON REACTIONS BETWEEN 

SOLUTES OR GASEOUS SUBSTANCES 

81. Concept of Reaction-rate. — The reactionrfote dc/dt of a chem- 
ical change taking place between dissolved substances may be defined 
to be the increase dc either in the weight-normality or in the normal 
concentration (Art. 35) of the reaction products in an infinitesimal 
time dt divided by that time. This concept is illustrated by the fol- 
lowing problem. ' 

Proh. I, — The Concept of Reactum-Rate. — Sodium hydroxide and 
methyl acetate in dilute aqueous solution react with each other, as 
ezpr^sed by the equation: 

CH,CiH,0, -hNaOH = CH,OH -|-NaC JI,0,. 

Starting with a solution o.oi weight-normal (wn.) in methyl acetate 
and sodium hydroxide and keeping the temperature constant at 25^, 
the concentrations of the methyl alcohol and sodium acetate (in milli- 
equivalents per 1000 g. of water) after various times (in minutes) are 
found to be as follows: 

Time 02 5 10 20 40 8 

Concentration . . . o 1.91 3.70 5.41 7.02 8.25 10.00 

a. Plot these concentrations as ordinates against the times as absdssas. 
h. Determine from the plot the reaction-rate at the start, after 10 
minutes, and after 30 minutes, stating the units in which the reaction- 
rate is expressed, c. Suggest an analytical method by which the rate 
of this reaction could be followed experimentally. 

82. The Mass-Action Law of Reaction-Rate between Solutes. — 
The effect of concentration on the rate of chemical changes between 
solutes is expressed by the following principle, known as the mass- 
action law of reaction-^ate. The rate at any definite moment of a 
chemical reaction which takes place at a constant temperature be- 
tween perfect solutes completely in one direction is proportional 
to the concentration, expressed either as weight-normality or normal 
concentration, of each of the reacting substances at tha t moment V 
That is, for the general case that any substances A, B~,"C^. . . react 

with one another: 

dc - 

"*T = » CaCbCc* • • 
131 
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The proportionality-constant k which occurs in this equation is 
called the specific reaction-rcUe. It evidently represents the rate which 
the reaction would have, under the assumption of proportionality, 
if the weight-normality or the normal concentration of each of the 
reacting substances were imity. 

This law is exact for perfect solutes; but, like other laws of perfect 
solutions, it holds true approximately up to moderate concentrations. 
The statement of the law here given is an incomplete one applicable 
only to reactions involving a single molecule of each of the reacting 
substances. A general statement of the law will be made after the 
mechanism of reactions has been considered. 

83. First-Order Reactions. — The expression for the reaction- 
rate is simplest in the case of reactions in which only one substance 
undergoes a change in concentration. The rate in this case is ex- 
pressed by a differential equation of the first degree ; and such reactions 
are called first-order reactions or unimolecular reactions. 

An example of a first-order reaction is the hydrolysis (splitting by 
water) of cane-sugar, which takes place in dilute aqueous solution 
in the presence of acid according td the equation: 

Ci2H220u(cane-sugar) -h H2O =» CeHuOeCglucose) -h CeHuOeCfructose). 

Although two substances take part in this reaction, only one of them, 
the cane-sugar, need be considered;^ for the mass-action or concentra- 
tion-effect of the water, being present in large excess, does not change 
appreciably during the course of the reaction. The add acts catalyti- 
cally, accelerating the reaction without being consumed by it. In 
formulating the reaction-rate equation and in evaluating the specific 
reaction-rate, it is usual to leave out of account the concentrations of 
substances which, like these, do not change with the progress of the 
reaction. 

Prob, 2, — Parmulation of the Equations for First^der Reactions. — 
a. Formulate the differential equation expressing the rate at which 
the hydrolysis of cane-sugar takes place, representing by Co the con- 
centration of the cane-sugar at the start, and by c the concentration 
of the glucose or fructose which has resulted at the time /. b. Integrate 
this equation between the time limits, o and /, and the corresponding 
limits of the concentration. 

Prob, 3. — Applications of the FirsUOrder Equations. — In a solution 
containing 0.3 mol of cane-sugar and o.i mol of HCl in 1000 g. of water, 
it is found (by meastuing with a polarimeter the change in the optical 
rotatory power) that 33% of the sugar is hydrolyzed at 48^ in 20 min- 
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utes. a. Calailate the specific reaction-rate and the actual rates at. 
the beginning and at the expiration of 20 minutes, b. Calculate the 
percentage of sugar hydrolyzed after 40 minutes. 

84. Second-Order and Third-Order Reactions. — Reactions whose 
rates are proportional to the concentrations of each of two substances 
or of each of three substances, are called second-order or third-order 
reactions, or bimokcular or trimolectdar reactions. And in general, 
the order of a reaction is said to be equal to the degree of the differential 
equation expressing its rate. 

Formulation and Application of the Equations for Second-Order Re- 
actions. — 

Prob. 4. — a. Formulate the differential equation ezpressmg the rate 
in dilute aqueous solution of the reaction between methyl acetate and 
sodiiun hydroxide, in terms of the initial concentrations Cao and Cbo 
of these two substances, and the concentration c of the reaction-products 
at the time t. b. Integrate this equation between the time limits o and / 
for the case that the initial concentrations of the two substances have 
the same value q>. c. Integrate the equation (with the aid of a table 
of integrals, if preferred) also for the case that the initial concentrations 
Ca» and Cbo a>i'e different from each other. 

Prob 5. — When o.oi mol of methyl acetate and o.oi mol of NaOH 
are dissolved at 25^ in 1000 g. of water, 11.8% of the ester is decom- 
posed per minute at the start, a. Calculate the time required for -^ 
one half of the ester in this mixture to be decomposed, b. Calculate 
the time required for this decomposition when o.oi mol of methyl 
acetate and 0.02 mol of NaOH are dissolved in 1000 g. of water. Ans, 
b, 3.4 min. 

The expressions for a reaction of a third order (between three sub- 
stances A, B, and C) can be similarly derived. 

For the case that all the substances involved have the same initial * 
concentration Co the integrated expressions for the three orders are: 

log ^ kt: «*/; and ; r; ^ = 2kt. 

*Co— c ' Co-c Co (co— c)2 Co" I 

The following expressions for the fraction x of the reacting substances 

transformed can be derived from these integrated expressions for 

reactions of the first, second, and third orders: 

log = */; -^ = */Co; and -r — rl = 2ktc^. 

Derivation and Application of the Expressions for the Fraction of the 
Reacting Substances Transformed. — 

Prob. 6. — Derive the expressions for the fcaction transformed given 
in the preceding text. ^ 
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Prob, 7. — At 25® the specific rate of the reaction between sodium 

^ hydroxide and methyl acetate is i .8 times as great as that of the reaction 

between sodium hydroxide and ethyl acetate. Find the ratio of the 

times required for decomposing 90% of the two esters when equivalent 

quantities are present at the start. 

Prob. 8, — Show from the above expressions how the time required 
for the transformation of any definite fraction of a definite quantity of 
the reacting substances would vary if the quantity of solvent in which 
they are dissolved were increased tenfold, a, in the case of the cane- 
sugar hydrolysis (Prob. 3) ; 6, in the case of the decomposition of methyl 
acetate by sodium hydroxide (Prob. 5). 

86. The Mechanism of Reactions and the General Mass-Action 
Law of Reaction-rate. — The rate of certain reactions, such as, 

2FeCl« + SnCl, = 2FeCl2 -f SnCU, and 

2 AgCjHsOi -h NaCHOj = 2 Ag + COj + HCjHaOi + NaCjHaOi, 

in which two molecules of one of the substances are involved, has been 
found to be proportional to the square (instead of to the first power) 
of the concentration of that substance. In other words, it is found 
that these reactions are of the third order, instead of the second order. 
This jiig<^ifi*>g thfi ^nnrliiRinn that_the number of reacting m olecu les 
determines the law ofthe rate^ and this conclusion is further substanti- 
ated by the fact diat it harmonizes the mass-action law of reaction- 
rate with the mass-action law of chemical equilibriimi (see Art. 98). 

The provisional statement (Art. 82) of the law of reaction-rate 
should therefore be modified so as to state that the rate is propor- 
tional to the concentration of each of the reacting substances raised 
to a power equal to the number of its molecules which interact with 
the molecules of the other substances in the molecular process on 
which the occurrence of the reaction depends. Thus, in the case of a 
reaction aA-f 6B-l-cC. . . =cE-l- . . ., whose occurrence requires the 
interaction of a molecules of A^ b molecules of 6, c molecules of C, etc., 
the mass-action law of reaction-rate is expressed by the equation: 

dc 

^ = * (Ca.-c)* (Cb,-c)* (Cc-cy. . . 

Prob, g. — Application of the Law of Reaction-Rate, — Equal volumes 
of 0.2 wn. solutions of silver acetate (AgCtBUOi) and sodium formate 
(NaCHOi) are mixed at 100^ ; and after definite intervals of time samples 
are removed, and the undecomposed silver acetate is titrated with 
potassimn thiocyanate. Its weight-normality is found to be 0.067 
after 2 minutes, 0.047 after 6 minutes, and 0.032 after 14 minutes. 
Show from these data that this reaction conforms more closely to the 
expression of the third order than to that of the second order. 
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It is found, however, that many reactions which apparently in- 
volve three or more molecules conform to the expression of the 
second order. This is probably to be explained by the consideration 
that the reaction expressed by the usual chemical equation takes 
place in stages, and that the stage which requires appreciable time is 
a reaction between two molecules. Thus the second-order reaction 

Hrf)2 + 2HI = 2H20 + l2 

may be considered to take place in the two stages, 

HaOa+HI-HaO + HIO, and HlO-f HI-HaO+I,; 

the first requiring a measurable time, and the second taking place 
almost instantaneously as soon as any HIO is formed by the first re- 
action. It is therefore necessary in the case of complex reactions to 
know their mechanism, that is, the molecular process by which they 
take place, in order to predict the law of their rate; and conversely, 
the law of the reaction-rate throws light on the mechanism of the 
reaction. 

The Mechanism of Reactions. — 

Proh, 10. — Suggest an explanation of the fact that the rate of the 
reaction H^BrOr-|-6H+I~=H'^Br~-h3li-f 3H1O is proportional to the 
first power of the concentration of the BrOt" and of that of the I~. 

Prob. II. — In aqueous solutions the measured rates of the chemical 
changes expressed by the following equations show that both of them 
are second-order reactions, and that they have not far from the same 
specific reaction-rates : 

2CH,C,H,0,+Ba(0H), = 2CH,0H+Ba(C,H,0,),. 
CH,CJI,0,+NaOH =CH,OH-|-NaCJI,0,. 

Suggest a mechanism that accounts for the fact that the first of these 
changes, like the second, is a reaction of the second order, and that the 
specific rates of the two reactions are not far from equal; and write an 
equation expressing the actual reaction whose rate determines the 
progress of the decomposition of the methyl acetate. 

Prob. 12. — Assiuning the correctness of the suggested mechanism 
of the methyl acetate decomposition, determine the quantity of free 
NaOH present (because of hydrolysis) in a o.i wn. NaCN solution at 
35^ from the fact that at 25^ the initial rate of decomposition of methyl 
acetate is 9.0 times as great in a solution o.oi wn. in NaOH as in a 
solution o.i wn. in NaCN. 

86. The Mass-Action Law of Reaction-Rate between Gaseous 
Substances. — The general mass-action law (Art. 85) is applicable 
to the rate of reactions between gaseous substances in substantially 
the same form as to those between solutes. It is, however, usually 
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more convenient to express the concentrations in terms of mols per 
liter; but in that case it is necessary to refer the rate to a specified 
substance. Thus the rate of the reaction 2A+B = 2E (for example, 
2NO+08=2N05) at constant temperatiure may be expressed by any 
'of the equations: 

-^=kcA^CB; -^=*^a*Cb; --^=*'ca*<;b, where *'=J*. 

For the case that the volume of the gas mixture remains constant, 
this equation expressed in terms of the molal concentrations of the 
reacting substances A and B at the start and the concentration of the 
product £ at the time /, becomes: 

It is important to note that many gas reactions are very sensitive 
to catalytic influences. In fact, it is not uncommon for gas reactions 
to take place to an appreciable extent only along the walls of the con- 
taining vessel. The rate of such catalytic or contact reactions is Hot 
determined by the mass-action law, which is applicable only to re- 
actions that take place within the gas. 

Rate of the Reactions in the Arc Process of Nitrogen Fixation, — 
Prob, 13. — In the arc process of nitrogen-fixation air is brought in 
contact with an electric arc, the gas from the arc is rapidly cooled (by 
admixture with cold air and contact with the walls of the fiunace), and 
under definite conditions the gas emerges' from the furnace at 1250° and 
I atm. with a content of ? mol-percent of nitric oxide (NO). Deter- 
mine what percentage of this nitric oxide would be decomposed into 
nitrogen and oxygen if the gas was allowed to remain at 1250^ for 10 
minutes, from the facts that at this temperature the equilibrium condi- 
tions correspond to a substantially complete decomposition, and the 
specific reaction-rate in mols of NO destroyed per liter per minute is 
50. Ans, 7.4. 

Prob. 14. — When the arc-process gas containing 2 mol-percent of 
nitric oxide is cooled at i atm. to 20^ the reaction 2NO -hOs » 2NO1 
takes place. From the facts that the specific reaction-rate in mols of 
NOs produced per liter per second at 20^ is 9400, and the equilibrium 
conditions correspond to substantially complete formation of NOs, 
find the time that must be allowed to convert 90% of the NO into NOi. 
(In integrating the differential equation regard as constant the volume 
of the mixture and the concentration of the oxjrgen.) Ans. 138 sec. 

* 87. Simultaneous Reactions. — It often happens that two or more 
related reactions are taking place simultaneously. Some of the 
important types of such reactions are the following. 
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(i) A substance may be undergoing change in two different senses; 
thus, in the presence of JQ dine which acts jsa cata^st^ chlorbenzene 
and chlorine in carbon bisuliide solution undergo the two independent 
reactions represented by the equations: 

CeH6Cl+Cl2=HCl4-ortho CflH4Cla. 
CsHfiCl -h CI2 = HCl -h para C6H4CI2. 

(2) The products resulting from one reaction may undergo change 
by a second reaction; thus, when dimethyl oxalate and sodiiun hy- 
droxide are brought together in aqueous solution, the following reac- 
tions take place consecutively: 

(CH,)2C204 -f NaOH = (CH,)NaC204 + CH,OH. 
(CHj)NaC204 + NaOH = NaaC204 + CH3OH. 

(3) The products resulting from a reaction may tend to react with 
one another in the reverse direction. Thus hydrogen, iodine, and 
hydrogen iodide, in the gaseous state, undergo a (resultant) reaction 
in one or other of the two directions expressed by the following 
equations, depending on the concentrations of the respective sub- 
stances: 

H2-l-Ii = 2HI; and 2HI=H2-hI«. 

In the case of such reactions taking place simultaneously, the rate 
of each is determined by its own specific reaction-rate and by the 
concentrations of the substances involved in it, just as if the other 
reaction were not taking place. In accordance with this law of in- 
dependence of reaction-rales the differential equations expressing the 
rates can be formulated. 
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Formulation of the Rates of Simultaneous Reactions, — 

*Prob. 1$, — Calculate the specific reaction-rates ki and kt of the two 
reactions considered in case (i) above, supposing that at some definite } 

temperature and with a definite iodine concentration it were foimd y 
that in a CSi solution initially 0.5 f. in CeHtCl and 0.5 f. in CU 15% of 
the C«H«C1 is converted into ortho CeHiCU and 25% into para CeHiClt ' 
in 30 minutes. i4w5. ifei =0.0167 ; fc =0.0278. U y 

*Prob. j6. — Noting that in case (2) the intermediate compound 
CHiNaCsOi is constantly produced by the first reaction and destroyed 
by the second reaction, formulate a differential equation for the result- 
ant rate dcxldt at which this compoimd is formed, in terms of the • 
initial molalities Co and 2Co of the (CHf)sCs04 and NaOH, respectively 
and of the molalities Ca and Cb of (CHf)NaCs04 and NaiCsOi, respec- 
tively, that have resulted at any time /. 
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Prob. 17. — a. Formulate an expression for the (resultant) rate at 
which HI is produced in a gaseous mixture by the equation given in 
case (3) in terms of the molal concentrations Ch, Ci, Cm, of the sub- 
stances at any time /. h. Noting that there will be equilibrium when the 
rate of formation of HI by the direct reaction becomes equal to the 
rate of its decomposition by the reverse reaction, derive an expression 
for the equilibriiun conditions of this reaction. 

In general, for any reaction represented by the chemical equation: 

aA+6B... = €E-f/F...., 

the expression derived (in the way illustrated by Prob. 17) from the 
general law of reaction-rate (Art. 85) for the equilibrium conditions 
at any definite temperature is 

^ jL = T- = A, a constant. 

The constancy of this concentration product b the expression of the 
mass-action law of chemical equilibrilun, as will be shown in Art. 98. 

This result is of importance not only as a derivation of that law, 
but also because it shows that the equilibrium-constant /Tis the ratio 
k\/k% of the specific rates of the two opposing reactions. In other 
words, equilibrium does not signify a condition in which no change 
is taking place, but one in which the two opposing reactions are taking 
place at equal rates. 
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n. THE EFFECT OF CONCENTRATION AND SUBFACE ON REACHONS 
BETWEEN SOLUTIONS AND SOLID SUBSTANCES 

88. Rate of Reaction between Solutes and Solid Substances. — 

When a solute is reacting with a solid substance the quantity of the 
solid acted upon per unit of time is proportional to the surface of the 
solid and to the concentration of the solute that reacts with it. Thus, 
when a dilute solution of acetic acid in contact with a compact mass of 
magnesiiun oxide is imiformly stirred, the quantity of the solid dis- 
solved is proportional to the surface of the mass and to the concen- 
tration of the acetic add. 

In reactions with solid substances, it is to be borne in mind that, 
owing to corrosion, the effective surface is constantly changing, and 
that the concentration of the solution in contact with the solid is the 
same as that of the whole solution only when there is adequate stirring. 

89. Solid Substances Dissolving in their Own Solutions. — When 
a solid substance is dissolving at a definite temperature in its own 
partially saturated solution, the rate dc/(U at which the concentration 
of the solution increases is proportional to the difference between the 
saturation-concentration s and the actual concentration c, and to the 
area a of the surface of the solid, and it is inversely proportional to the 
volume V of the solution; that is, 

Pfob. 18. — Rate of Saturation of a Solidion, — A definite quantity 
of a solid substance is shaken with a definite volume of water at 25^. 
a. Calculate the time of shaking required to produce 60, 90, and 98 
percent saturation, assuming that the solution becomes 30% saturated 
in one minute, and that the surface of the solid remains constant. 
h. With the aid of these values make a diagram showing how the per- 
centage saturation increases with the time of shaking, c. Find from 
the diagram the time required to produce 95% saturation, and the 
time required to increase ^e saturation from 95% to 98%. 
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m. THE EFFECT OF CATALYSTS 

90. Catalysis. — A reaction is often greatly accelerated by the 
presence of a substance which is not itself consumed by the reaction. 
This phenomenon is called catalysis, and the substance producing it is 
called the catalyst. 

Although few general principles relating to catal}^ have been 
established, its great practical importance makes it desirable to con- 
sider the common types of catal3rsts and the wa3rs in which they act. 

91: Carriers. — Carriers constitute one of the most common and 
best understood types of catalysts. The mechanism of their action 
is as follows: The catalyst produces with one of the substances an 
intermediate compound which reacts with the second substance in such 
a way as to regenerate the catal3rst, the reaction of the second sub- 
stance with the intermediate compound taking place more rapidly 
than that with the first substance. In this way a reaction which does 
not take place directly at an appreciable rate may be made to take 
place in stages at a rapid rate. The chamber process of making sul- 
furic acid and the technical method of making ether are familiar 
examples of this type, the fundamental reactions being: 

a. 02-f 2NO = 2N08; and SQa-f N08+H20=HjS04+NO. 

b. C2H60H+H2S04=C2H5HS04+EW), and 
CtHftOH + CaH6HS04 = (CtH*) jO + H3SO4. 

The mechanism of carrier catalysis b well illustrated by the de- 
composition of hydrogen peroxide, which in aqueous solution takes 
place in accordance with the equation: 

2HA=2HaO+Qi. (i) 

This decomposition is very slow when the hydrogen peroxide is present 
alone, but becomes rapid in the presence of a moderate concentration 
of iodide-ion. The principles (considered in Probs. 19 and 20) deter- 
mining the rate of the reaction seem to show that this catalytic effect 
is due to the occurrence of the reaction in the two stages represented 
by the equations: 

HA+I-=H20-H0-. (2) 

HA+IO-= H^O-hOj-hl- (3) 

In the presence of a considerable concentration of hydrogen-ion, as wdl 
as of iodide-ion, the hydrogen peroxide does not decompose to an im- 
portant extent into water and oxygen in accordance with equation (i). 
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but it yields water and iodine in accordance with the following 
equation: 

HA+ 2I-+ 2 H+ = 2lW)+Ii (4) 

The rate of this reaction is found, however, to be proportional to the 
iodide-ion concentration (not to its square) and to be dependent in 
only a secondary degree on the concentration of the hydrogen-ion. 
This can be accounted for by considering that reaction (4) takes place 
in two stages, namely, that represented by equation (2) above, and 
that represented by the following equation; this last reaction occurring 
almost instantaneously and completely when the hydrogen-ion con- 
centration is large: 

I(>-+I--h2H+=HiO+I, (s) 

The Mechanism of Carrier Catalysis, — 

Proh, ig, — State and formulate the principles that would express the 
rate of the decomposition of hydrogen peroxide in neutral solution in 
the presence of iodide-ion, assuming that it takes place, a, directly 
according to reaction (i); h, according to reactions (2) and (3), the 
latter taking place instantaneously; c, according to reactions (2) and 
(3), the I0~ produced by (2) soon attaining such a concentration that 
reaction (3) thereafter takes place at the same rate as reaction (2). 
(Case c seems to represent what actually occurs.) 

Proh: 20. — a. Show by reference to the equilibrium conditions of 
reaction (5) why reaction (3), and therefore reaction (i), does not take 
place to any important extent in the presence of a considerable con- 
centration of hydrogen-ion; also why reaction (5), and therefore re- 
action (4), does not take place to an important extent in a nearly 
neutral solution, h. Show what relative quantities of hydrogen 
peroxide would, if these explanations are correct, be decomposed per 
minute in a solution o.i formal in HtOt and o.i formal in KI in the 
two cases that the solution is neutral and that it is moderately add 
with HCl. 

92. Contact Agents. — Reactions between gases or solutes are often 
greatly accelerated by placing the reacting mixture in contact with 
a suitable solid substance which offers a large surface. The heavier 
metals are especially likely to be effective; but many other substances 
have specific effects on definite reactions. The platinum contact- 
process of making sulfiu: trioxide from sulfiu: dioxide and oxygen and the 
Deacon process of making chlorine by passing hydrogen chloride and 
oxygen over a porous mass impregnated with copper chloride are 
examples of contact catalysis. As already stated in Art. 86, gas 
reactions are often catalyzed by solid surfaces to such an extent that 
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the chemical change takes place appreciably only in the surface layer 
on the walls of the containing vessel or on other solid material in 
contact with the gas, and the rate of such reactions does not conform 
to the mass action law. 

The mechanism of contact actions is little understood. In most 
cases, the contact action is probably due to an adsorption of the re- 
acting substances (that is, to a deposition of them on the surface of 
the solid) and to the fact that in the surface-layer the reaction-rate 
is greatly increased. Thus, finely divided platinum placed in contact 
with illuminating gas and air adsorbs the gases, and these then react 
so rapidly as to cause the gas to take fire. 

93. Hydrogen-Ion and Hydroxide-Ion ps Catalysts. — In aqueous 
soluticHis many reactions are accelerated by hydrogen-ion. This is 
probably true of all reactions in which water is directly involved, 
such as the hydrolysis of cane-sugar or of esters. It is also true of 
certain reactions of oxidation and reduction. 

The specific rate of such hydrolytic reactions in dilute solutions is 
found to be proportional to the concentration of the hydrogen-ion; 
for example, the specific reaction-rate of the cane-sugar hydrolysis 
at 48^ has been found to be 9.95 times as great in o.oi normal as it is in 
o.ooi normal HCl solution. At higher hydrogen-ion concentrations 
or in the presence of neutral salts considerable deviations from pro- 
portionality exist; thus, the rate of the cane-sugar hydrolysis is 10.5 
times as great in o.i normal as in o.oi normal HCl solution. 

This principle can be employed (as shown by Prob. 22) for deter- 
mining the hydrogen-ion concentration in solutions; for no other 
ion (except hydroxide-ion in certain cases) exerts a catalytic effect on 
hydrolytic reactions. 

Reactions in which water takes part are crften accelerated also by 
hydroxide-ion; thus, milk-sugar, CuH2sOii, dissolved in water becomes 
hydrated (with formation of CuH2sOii.H^) at a rate which is greatly 
increased by hydroxide-ion. 

Prob, 21. — Possible ExplanaHon of the Catalytic Effect of Hydrogen- 
Ion. — Show by writing chemical equations how the catalytic effect 
of hydiogen-ion on hydrolytic reactions may be interpreted as a carrier 
action, assuming that the hydrogen-ion is hydrated. 

Prob. 22. — Determination of Hydrogen-Ion Concentration through its 
Catalytic Effect. — Diazoacetic ester decomposes in aqueous solution ac- 
cording to the equation CHNi.CO«CiH*+Hrf)«CHiOH.COiCtH,-hNi, 
and the reaction is catalyzed by hydrogen-ion. At 25^ in a solution 0.1 
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formal in acetic acid, whose ionization is i .34%, it is found by measuring 
the nitrogen evolved that 37.5% of the ester is decomposed in 10 
minutes. Assiuning that it takes 67 minutes to decompose the same 
percentage of the ester in a solution 0.1 formal in sodium hydrogen 
tartrate, calculate the molality of hydrogen-ion in that solution. 

94. Enzymes. — Certain complex organic substances, called en^ 
vymesy which are produced by animal and plant organisms, have an 
extraordinary power of catalyzing certain organic reactions. The 
effect is highly specific, a particular enzyme being required for a 
particular reaction Thus invertase, an enzyme produced by yeast, 
causes the conversion of cane-sugar into glucose and fructose; and 
xymase, another yeast enzyme, causes the conversion of glucose, but 
not of the analogous compound fructose, into ethyl alcohol and carbon 
dioxide. 

96. Water as a Catalyst — The presence of water in at least mintite 
quantity is essential to the occurrence of almost all reactions. This 
b shown by experiments upon some of the most energetic chemical 
changes, which are found not to take place when the separate sub- 
stances are very thoroughly dried before they are brought together. 
Thus, this is true of the combination of sodium with chlorine, the 
union of anmionia and hydrogen chloride gases, the combustion of 
carbon monoxide with oxygen, and the union of lime and sulfur 
trioxide. 



144 TEE RATE OP CHEMICAL CHANGES 

TV, THE EFFECT OF TEMPEItATHRE 

96 Principles Relating to the Effect of Temperature. — Measure- 
ments of the change with the temperature of the rates of reactions 
taking place between solutes or between gases have shown that as a 
rule equal small increments of temperattire cause an approximately 
equal multiplication of the specific rate of any definite reaction. Thus, 
if the specific rate of a reaction is increased 2.5 fold by raising the 
temperature from o to 10^, it will again be increased approximately 
2.5 fold by raising the temperature from 10 to 20®. This principle 
and the order of magnitude of the deviations from it are illustrated 
by the following data for the third-order reaction between ferrous 
chloride, potassium chlorate, and hydrochloric acid. The values 
ki/k% are the ratios of the specific reaction-rates at 10^ intervals. 

10 to o** 20 to 10** 30 to 20** 40 to 30** 50 to 40® 
ki/k% 2.8 2.7 2.5 24 2.2 

A more general and more exact expression of the effect of tempera- 
ture is that given by the following equations, in which il is a constant 
for any definite reaction: 

It is evident that, so long as the variation of T\T% is not large, the 
approximate principle is a consequence of this more general law. 

Pfoh, 23, — The Effect of TempercUure, — a. In a solution o.oi molal 
in sodium hydroxide and o.oi molal in ethyl acetate, 39% of the ethyl 
acetate is decomposed in 10 minutes at 25^, and 55% at 35^. Deter- 
mine by the approximate principle how long it would take to decompose 
55% &t 15**. b. Calculate by the logarithmic equation how long it 
would take to decompose 50% of the ethyl acetate at 20^. 

It has also been found that in the case of different reactions equal 
small increments of temperature cause not far from the same multipli- 
cation of their specific rates. Thus, a 10** rise of temperature multi- 
plies the specific rate of the reaction between sodium hydroxide and 
ethyl acetate 1.9 fold, of that between cane-sugar and water in the 
presence of add 3.6 fold, and of that between ferrous sulfate, 
potassium chlorate, and sulfuric acid 2.4 fold. 

Prob. 24, — Uniform Effect of Temperature on Different Reactions. — 
At 100^ a certain reaction takes place to an extent of 25% in one hour. 
Estimate roughly how long it would take for the reaction to proceed to 
the same extent at 20^. 
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I. THE LAW OF MASS-ACTION 

97. The BqisQibrium of Chemical Reactions. — When two or more 
chemical substances capable of reacting with one another are brought 
together, it is always true after a sufficiently long time (which may 
vary from a fraction of a second to thousands of years) that the chemi- 
cal reaction which has been taking place between them practically 
ceases — in other words, that a condition is reached where no further 
change takes place. The reaction is then said to be in equilibrium. 

Many reactions (for example, the reaction NH40HH-HB0a = 
NH4BO8+H2O in aqueous solution) take place so incompletely that 
at equilibrium the substances on both sides of the equation are present 
in measurable proportions. But with many other reactions the 
equilibrium-conditions are such t;hat the change seems to take place 
completely when the substances on one ^ide of the chemical equation 
expressing it are brought together, and not to take place at all when 
the substances on the other side are brought together; thus, this is 
true of the reaction NaOHH-HCl=NaCl+H20 in aqueous solution. 
In all such cases, however, the gaseous or dissolved substances on 
both sides of the equation are really present at some concentration, 
though this may be so small in the case of some of the substances that 
it cannot be directly measured. 

Reactions Qike that in a mixture of hydrogen and oxygen at 25^) 
which are taking place so slowly that no appreciable change can be 
detected within a reasonable time are not to be confounded with those 
which are in a state of equilibrium. Whether equilibrium-conditions 
have been attained can be determined by causing the reaction to take 
place in the two opposite directions and comparing the concentrations 
of the substances in the two cases after equilibrium seems to have 
been reached. 

The equilibrium conditions of chemical reactions vary with the 
temperature, as considered in Chapter XII. In this chapter the 
principles wiU be discussed which determine equilibrium when the 
temperature has any constant value. 

I4S 
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98. The Mass-Action Law of Chemical EquilibriuiiL — The effect 
of concentration in determining chemical equilibrium is expressed 
by one of the most fundamental laws of chemistry. This law, which is 
commonly known as the mass-aciion law, states that, whatever be the 
initial concentrations of the gaseous or dissolved substances A, B, . . . 
E, F, . . . involved in any definite chemical reaction, such as may be 
represented in general by the equation, aA+JB . . . = eE+fF, . ., the 
reaction always takes place in such a direction and to such an extent 
that, when equilibrium is reached at any definite temperature, the 
conditions are satisfied which are expressed by the equation: 

\ k" ' — K.di constant. 

In this expression Cs, Cy, . . .Ca, Cb^ . . • denote either the molal concen- 
trations or molalities of the substances E, F, . . . A, B,. . . in the equi- 
librium mixture, and e, /,. . . a, ft,. . . denote the number of mols of them 
that are involved in the reaction expressed by the chemical equation. A 
simpler notation commonly employed is to represent the molalities 
of solutes at equilibrium by their formulas enclosed within paren- 
theses; thus, by writing (E) in place of Cb, etc. 

The quantity K^ which is a constant characteristic of the reaction, 
is called its equiUbrium-constafU. Its value is, of course, constant 
with respect to variations of the initial and equilibrium concentra- 
tions, but it varies with the temperature. In evaluating it, molal 
concentrations will be used in the case of gases, and molalities (de- 
fined as in Art. 35) in the case of solutions. It b customary to place 
in the numerator the concentrations of the substances occurring on 
the right-hand side of the chemical equation written in some specified 
way. In which direction the chemical equation is written is, of 
course, arbitrary in the case of reactions at equilibrium. \^th many 
types of reactions, however, it is more natural to write the equation 
in one of the two directions; and in such cases the usage in evaluating 
the equilibrium-constant has become fairly definite. This usage will 
be illustrated by the examples given in the following articles. 

The mass-action law of equilibrium is a consequence of the mass- 
action law of reaction-rate, as shown in Art. 87. It can also be derived 
with the aid of the laws of thermodynamics from the physical laws of 
periect gases and of periect solutions, as shown in Arts. 140 and 141. 
It has also been established by experimental investigations on the 
equilibrium of a large number of different reactions. 
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The mass-action law is exact, as is shown by its derivation, only 
in the case of leartions betwefiPLperfect gases or perfect solutes; but 
it holds true approximately when applied to gases at moderate pres- 
stires^ to unionized solutes at moderate concentrations, and to ions 
at sinall concentrations. The deviations from it in such cases may be 
expected to be of the same order of magnitude as those from the 
physical laws of perfect gases or perfect solutions. 

Although the mass-action law of chemical equilibrium has been 
derived from the mass-action law of reaction-rate, an important 
difference between the two laws is to be noted. Namely, it can be 
shown that, although the expression for the rate of a reaction depends 
on its mechanism, the same expression is obtained for its equilibrium, 
whatever be the process by which that equilibrium is considered to be 
attained. In using the equilibrium expression it is necessary to know 
only the concentrations of the substances actually occurring in that 
expression. 
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n. THE MASS-ACnON LAW FOR REACTIONS BETWEEN GASES 

99. The Mass-Action Law in Tenns of Partial Pressures. — In 

applications of the mass-action law to gases, it is usual to substitute 
for the concentrations of the substances in the equilibrium-mixture 
their partial pressures. This is admissible since at any definite 
temperature the two quantities are proportional to one another in 
the case of perfect gases, in virtue of the relation p=cRT. 

The general mass-action expression in terms of partial pressures 
evidently is 

where Kpis z. constant, called the equilihriumrconstatU in terms cf 
pressure, which has in general a different numerical value from the 
constant K occurring in the corresponding concentration-expression. 
In evaluating it the partial pressures are commonly expressed in 
atmospheres. 

Proh, I. — Relation between the Equilibrium Expressions in Terms of 
Concentrations and Pressures, — Derive the general mass-action expres- 
sion in terms of pressure from that in terms of concentration, and show 
the relation between the two equilibrium-constants. 

100. Gaseous Dissociation. — A chemical change which consists in 
the splitting of a substance with complex molecules into one or more 
substances with simpler molecules is called dissociation. Tlius, 
the reactions la^al, NH4C1=NH8+HC1, and 2C02 = 2CO+Qi, 
are examples of dissociation. The fractional extent to which the 
dissociating substance has been decomposed is called its degree of 
dissociation, or simply its dissociation (7). The equilibriimi-constant 
of such a reaction is conmionly called the dissociation-constant of the 
dissociating substance. 

It is characteristic of such reactions that the number of molecules 
increases when the dissociation increases. Since the pressure-volume 
product of gases increases corre^>dndingly, the degree of dissociation 
can always be determined by measuring the volume or density of the 
gas at a known temperature and pressure, and 'Comparing it with 
that calculated for the undissociated or completely dissociated sub- 
stance, as is illustrated by Probs. 10 and 11 of Art. 12, and by Prob. 
3 below. 

Another common method of determining the composition of the 
equilibrium mixture is to cool it suddenly to a lower temperature at 
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which the reaction-rate is so small that the original equilibrium is not 
displaced, and then to analyze the mixture. This method presupposes 
that there is no change in the composition during the short period of 
cooling. This condition may be practically realized in cases where 
the rate at which the equilibrium is established is comparatively slow 
even at the higher temperature, or in cases where the reaction takes 
place only in contact with a catalyst. In the latter cases the equi- 
librium-mixture can be separated from the catalyst, and subsequently 
cooled without the danger of any change taking place. 

Applications of the Mass-Action Law to Gaseous Dissociation, — 

Proh. 2, — a. Formulate the mass-action expression for the dis 
sociation of sulfur trioxide into sulfur dioxide and oxygen, h. At 630^ 
and I atm. the sulfur trioxide is just one third dissociated. Calculate 
the dissociation-constant of sulfur trioxide. 

Proh. 3. — Show how the dissociation (7) of sulfur trioxide could be 
calculated from measurements of the density (i) of the equilibrium 
mixture at the temperatiure {T) and pressiure (^). 

Proh, 4, — A mixture consisting of i mol of SQi and i mol of Os is 
passed at 630^ and i atm. through a tube containing finely divided 
platinum so slowly that equilibrium is attained, and the issuing gas is 
cooled and analyzed by absorbing the sulfur dioxide and trioxide by 
potassium hydroxide and measuring the residual oxygen gas. At o^ 
and I atm. the volume of this residual gas was found to be 13,780 ccm., 
corresponding to 0.615 mol. a. Calculate the dissociation-constant of 
sulfur trioxide. h. Calculate the ratio of the mols of sulfur trioxide 
to the mols of sulf lu: dioxide in an equilibrium mixture at 630^ in which 
the partial pressure of oxygen is 0.25 atm. 

Proh, 5. — At a certain temperature a definite quantity of phosphorus 
pentachloride gas has at i atm. a volume of i liter, and under these 
conditions it is about 50% dissociated into PCU and Cl2. Show by 
reference to the mass-action expression whether the dissociation will 
be increased or decreased: a, when the pressure on the gas is reduced 
till the volume becomes 2 1.; fr, when nitrogen is mixed with the gas 
till the volume becomes 2 1., the pressure being still i atm.; Cy when 
nitrogen is mixed with the gas till the pressure becomes 2 atm., the 
volimie being still i 1.; i, when chlorine is mixed with the gas till the 
pressure becomes 2 atm., the volume being still i 1.; e, when chlorine is 
mixed with the gas till the volume becomes 2 L, the pressiu'e being still 
I atm. — In answering these questions consider whether the first effect 
of the change in conditions (assuming that no reaction takes place) is 
to increase or decrease the value of the ratio ^ci. ppcii/ppcu^ ^nd in 
which direction the reaction must take place in order to restore the 
equilibrium-value of this ratio. 

Prob. 6. — a. Derive for the dissociation of water-vapor into hydrogen 
and oxygen a mass-action expression which wiU show how the dissoda- 
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tion 7 varies with the total pressure p. b. At 2000^ the dissociation 
is 2.0% when the total pressure is i atm. Calculate the dissociation 
when the total pressure is 0.33 atm. (as it is approximately in the 
gaseous mixture produced by burning hydrogen with the minimum 
amount of air). Solve the equation approximately, neglecting the 
(smaU) value of the dissociation where this is justifiable. Ans, b, 2.9%. 

101. Metathetical Gas Reactions. — Examples of metathetical 
gas reactions whose equilibrium has been investigated are: 

C02+H2=CO+HsO, and 4Ha+02 = 2Cl2+2HiO. 

An important principle in regard to them, illustrated by Prob. 8 
below, is that the equilibrium-constant of any metathetical gas re- 
action can be calculated from the dissociation-constants of the com- 
pounds involved in it. 

Another important principle relates to the effect of pressure. It 
states that increase of pressure causes the equilibrium of any gaseous 
reaction to be displaced in that direction in which the number of 
molecules, and therefore the volume of the gas, decreases. This prin- 
ciple has already been illustrated by the fact that dissociation is 
decreased by increase of pressure. It is demonstrated in Prob. 9. 

Prob, 7. — Combustion of "Water-Cku" with Insufficient Oxygen. — 
The equilibrium-constant of the reaction COi-|-Hi=CO+HjO at 
1 120^ is 2.0. Calculate the ratio of the mols of COi to the mols of HtO 
that are formed when a "water-gas" consisting of i mol of CO and i 
mol of Ha is burnt at 1120^ with | mol of Qi. Assume that equilibrium 
is attained and that the quantity of the oxygen which remains un- 
combined is negligible. 

Prob, 8, — Metathetical EquUibrium^onstants in Relation to Dissocia- 
tioTirConstants. — The equilibrium-constant of the reaction 2C0« = 
2CO+O1 at 1 1 20** is 1.4 X 10-12. a. Calculate the partial pressure of 
the oxygen in the equilibrium mixture of Prob. 7. 6. Calculate the 
dissociation-constant of water-vapor at 1120^. c. Show what relation 
exists between the dissociation-constants K^ and i^oot pf water-vapor 
and of carbon dioxide and the equilibrium-constant K of the reaction 
CO«+Ht-CO-|-HA Arts, 6,^.5 Xio-i«. 

Prob, g, — Effect of Pressure on Gaseous Equilibrium. — Prove that 
the equilibrium of any chemical reaction, aA-h^Bs^E-h/F, must be 
displaced in the direction in which the nimiber of molecules decreases 
when the total pressure p of the equilibrium mixture (in which the 
substances are present at mol-fractions Xa» Xbj Xe, and Xr) is increased. 

Prob, 10, — Production 0} Hydrogen from "Water-Gas,** — A quantity 
of ''water-gas" consisting of i mol of CO and i mol of Ha is mixed with 
5 mols of steam, and this mixture is passed slowly at i atm. and 500^ 
over a suitable catalyst, whereby the reaction CO-|-HiO = COt+Hj 
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takes place. The gases are then cooled in order to condense the steam. 
The equilibrium-constant of the reaction at 500^ is 5.5. a. Calculate 
the smallest mol-fraction of CO in the resulting gas mixture attainable 
by this process, b. Show whether this minimimi percentage of CO 
could be diminished by passing the gas mixture over the catalyst at 
5 atm. and 500^. c. Show whether it could be diminished by passing 
it over the catalyst at i atm. and 400^, noting the values of the equi- 
libriimi-constant already given at 1120^ and 500^. d. State the effect 
of the lower temperature on the time required for reducing the per- 
centage of CO to any definite value, e. In practice the above process 
may yield a mixture containing 4 mol-percent of CO, 65 mol-percent 
of Hty and 31 mol-percent of COs. To free this mixture from COs, it is 
passed at 30 atm. up a tower through which water at 17^ is trickling. 
Calculate the minimum volume of water theoretically required to remove 
99% of the COi from 100 mols of the gas mixture. Assume Henry's 
law to hold true, and take the solubility of COi in water at 17^ and 
I atm. as 0.0425 molal. /. Calctdate the percentage of the hydrogen 
that is lost by dissolving in the water, from the fact that the solubility 
of hydrogen gas in water at 17*^ and i atm. is 0.00084 molal. Ans. 
e, 77.7 Uters. 
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m. THE ICASS-ACnOK LAW FOR REACTIONS BETWEEN SOLUTES 

102. Ionization of Slightly Ionized Univalent Adds and Bases. — 

The mass-action law has been found to be applicable to the ionization 

of the slightly ionized monobasic acids and monacidic bases. This is 

illustrated by the following values at i8^ of the ionization, taken 

equal to the conductance-viscosity-ratio, and of the ianizaiian- 

constant K for ammonium hydroxide, that is, the equilibrium-constant 

of the reaction NH40H=NH4++OH- 

loNizAnoN OF Ammonium Hia>ROxn>E at z8^ 

Formality 0.500 0.300 o.ioo o.oio o.ooi 
Ionization 0.0056 0.0074 0.0130 0.0405 0.123 
KXio^ 15.8 16.6 17.1 17.1 17.1 

The ionization-constant varies greatly with the composition and 
structure of the acid or base, as will be seen from the following values. 

I0NIZAT10N--C0NSTANTS OP Acms AND Bases at 25® 



Add io*jr 


Add ic^K 


Acid 


F«lMf ef xo^JT 




HCN 0.0005 


HCOJI 210 


CMiCOtB. 


60 


60 


60 


HBOi 0.0017 


CH,CO,H 18 




Ortko 


Mth 


Pan 


HCIO 0.044 


CJIjCOJI 13 


CJI40HC0JEI 


1020 


87 


29 


HNOi 400. 


nCJl^COM 15 


cai4Cicoai 


1320 


ISS 


93 


HF 790. 


CH,C1C0,H 1550 


CeHiNaCOjH 


6160 


345 


396 




Base 


xo^JT 




NH4OH 18. 








CHJffl/)H 50a 










CJEIjra,OH 

w^ ... m ^ 


0.0004 


» 




M. 



Prob. II, — Derivation of lonisalunhConstants from Condudanct^ 
Data. — a. Calculate the ionization-constant of acetic add at 18° af* 
the concentrations o.oi ,0.1, and i .0 formal, from the conductance values 
given in Art. 74. b. Calculate the ionization-constants at o.i and i.o 
formal, taking into account the fact that the viscosity of the i formal 
solution is 1.113 times as great as that of pure water, c. Calculate 
the ionization of the add and its equivalent conductance in o.ooi formal 
solution. 

Prob, 12, — Effect of the Presence of a Substance with a Common Ion. — 
a. Show that the hydrogen-ion concentration in an acetic add 
solution is decreased by the addition of sodium acetate approximately 
in the proportion in which the concentration of the acetate-ion is in- 
creased, b. Calculate the ionization of acetic acid in a solution o.i 
formal both in acetic add and in sodium acetate at 18^, regarding the 
sodium acetate as completely ionized. — In this and other mass-action 
problems make any simplifications that will not produce in the result 
an error greater than 1%. 
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lOS. Ionization of Largely Ionized Substances. — As was stated in 
Art. 79, the conductance-ratio of salts and largely ionized acids and 
bases does not change with the concentration even approximately 
as the mass-action would require if that ratio were equal to the ioniza- 
tion. Now that the mass-action law has been formulated, the degree 
of the divergence can be shown quantitatively. The following table 
contains the values (designated y observed) of the conductance- 
viscosity ratio for potassium chlor ide, the ionization-constants (K) 
calculated from them by the mass-action expression (ycy/(i — y)Cf 
and the ionization-values (7 calculated) computed conversely from 
the value of the ionization-constant at o.i formal. 

The ConductancepRatio in Relation to the Mass-Action Law 

Formality . . . 0.001 0.01 0.05 o.io 0.20 0.50 i.oo 

y observed . . . 0.982 0.94 0.89 0.86 0.83 0.78 0.74 

7 calculated . . 0.998 0.98 0.92 0.86 0.78 0.63 0.51 

Ionization-constant 0.053 0.15 0.36 0.53 0.81 1.38 2.10 

. This striking discordance with the mass-action law and certain 
other anomalies, some of which were discussed in Art. 79, have led, as 
already stated, to the conclusion that the conductance-ratio or the 
opnductance-viscosity-ratio is_not ev en an ^approximate measure of 
the mass-action of the ions or unionized molfic ules pi largely ionized 
RiihstanrftR. TT'will be shown in Art. 113 that there" is a general 
method, ""differing in principle from the conductance method, by 
which there can be derived the mass-action of substances (that is, 
their effect in determining equilibria) in cases where the mass-action • 
is not proportional to the concentration as the mass-action law requires. 
The data needed in order to calculate by this method the mass-action 
of such imperfect solutes are, however, very incomplete; and the 
following simple h3rpotheses lead to results which usually do not differ 
by more than a few percent from the results derived with the aid of 
the exact principle, in the case of solutes not more concentrated than 
I formal. These hypotheses are that largely ionized substances are 
completely ionized and that their ions act as perfect solutes. These 
hypotheses are therefore employed throughout this chapter in all the 
applications of the mass-action law to the different types of equi- 
librium between dissolved substances, and they are to be used in 
solving aU the problems. In Art. 113 at the end of this chapter a 
method suitable for the exact treatment of ordinary solutes at large 
concentration, and of ions at small concentrations, will be described. 
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- 104. The Ionization of Water. — The dissociation of water into H'*' 
and 0H~ ions is extremely small, as is shown by the very small con- 
ductance of the purest water that has be^n prepared. This ionization 
iSy nevertheless, of great significance from an equilibrium viewpoint, 
since water is involved in many ionic reactions, for example, in the 
hydrolysis of salts considered in Art. 105. 

The complete expression for the equilibrium-constant of the reaction 
HsO=H''"+OH~ would contain a term representing the mass-action 
of the chemical substance HsO. In the case of a substance so con- 
centrated, it is not justifiable to represent its mass-action by its con- 
centration, 3ince the mass-action law is applicable only to substances 
at small concentrations. It will, however, be shown in Art. 113 that 
the mass-action of a substance in a solution of any concentration is 
proportional to its vapor-pressure in that solution; hence the equi- 
librium-constant for the ionization of water is accurately expressed 
by the equation ^ = (H+)(OH~)/^h«o. 'Now, since the vapor-pres- 
sure of water in a i molal solution of any solute is according to Raoult's 
law only 1.8 percent less than that of pure water, the mass-action of 
the water is nearly constant in aqueous solutions of moderate con- 
centration; and the equilibrium-constant of the reaction, commonly 
called the ionizcUion-constant Kw of water, may be written in the 
simple form: X'w= (H+) (OH"). 

The ionization-constant of water has been determined by a number 
of different methods including that based on the conductance of care- 
fully purified water, illustrated by Prob. 34 of Art. 77. Its value has 
beenfound to beo.iiXio~"ato**; i.ooXio~"at 25®; and48Xio~^* 
at ICO**, 

From the value of this ionization-constant there can be calculated 
the concentration of hydrogen-ion in any dilute aqueous solution of 
known hydroxide-ion concentration, and conversely. 

Prob. I J, — Concentration of Hydrogen^Ian in Aqueous Solutions. — 
Calculate the concentration of hydrogen-ion at 25^, a, in pure water; 
6, in 0.1 formal NaOH solution. 

106. The Hydrolysis of Salts. — When either the add or base of a 
salt has a very small ionization-constant, the salt in aqueous solution 
reacts with the water to an appreciable extent With formation of the acid 
and base. This phenomenon is called hydrolysis; and the. fraction 
of the salt hydrolyzed is called the degree of hydrol)^is, or simply the 
hydrolysis (h). Thus^ at 25^ in o.oi formal solution potassium cyanide 
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and ammonium cyanide are hydrolyzed to the extent of 4.4 percent 
and 51.3 percent, respectively, according to the reactions: 

K+CN-+H2D -.K-K)H^+HCN. 
NH4+CN-+H2O =NH40H+HCN. 

As is done in the preceding chemical eiquations, it is convenient to 
indicate largely ionized substances, whose ionization is imknown and 
as an approximation may be assumed to be complete, by attaching 
+ and — signs to their Ions, and to indicate slightly ionized substances, 
whose ionization conforms to the mass-action law, by omitting these 
signs. 

The hydrolysis of salts can be experimentally determined by a 
variety of methods. It may be derived from measurements of the 
conductance of the salt, as in Prob. 35 of Art. 77, and in Prob. 14 
below; dso from the effect of the salt on the rate of reactions whose 
rates are proportional to the concen tration o f^hvHrorifi^inn nr Tiy- 
T rogen-ion in the solution, as in Pro b. 12 of Art. 81; and in Prob. 15^ 
below.. It may also be determined by measuring the distribution 
of the slightly ionized add or base of the salt into an organic solvent, 
as in Prob. 16 below. 

Prob, 14, — Determination of Hydrolysis by Conductance Measure- 
ments. — The specific conductance at(ioo'* of a 0.025 fonnal solution of / 
NHiCfHtOs (ammonium acetate) is 0.00685 reciprocal ohms; and that 
of a second solution 0.025 formal in NHiCiHtOs and 0.025 fonnal in 
NH4OH is 0.00717 reciprocal ohms. Calculate the hyd)X)lysis of the 
ammonium acetate in Uie first solution, assuming that in the second 
solution the hydrolysis of the salt has been reduced to zero by the excess . 

of base present and that the ionization and conductance of the base in 1 

the presence of its neutral salts are negligible. A 

Prob. 15, — Determination of Hydrolysis by Reactum-Rate Experi- 
ments, — The specific reaction-rate at 100® of the sugar hydrolysis has 
been found to be 0.0386 in a solution o.ooi formal in HCl, and to b^ 
0.0946 in a solution o.oi fonnal in AlCU. Calculate the fraction of the^^ 
salt that is hydrolyzed (mto Al(OH)t and 3HCI). 

Prob, 16. — Determination of Hydrolysis by Distribution Experi- 
ments, — A 0.05 volimie-formal solution of NajNHiPOi in water is 
found to be in equilibrium with a 0.00173 volume-formal solution of 
NHi in chloroform at 18^. Calculate the hydrolysis of the salt into 
NH4OH and Na+iHPO«". The distribution-ratio for NH, between 
water and chloroform at 18^ is 27.5. 

The equilibrium-constant of a hydrolytic reaction is called the 
hydrolysis-constant Kb of the salt. Thus the hydrol3rsis-constants of 
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potasdum C3raiude and ammonium cyanide are given by the expres- 
sions: 

,OH)(HCN) 



yOH-) (HCN) . _ (NH«OE 

^■" (CN-) ' "*** ^■""5ra?p 



) (CN-) 



In evaluating these constants the largely ionized substances may as 
an approximation be regarded as completely ionized, as is to be done in 
the problems throughout this chapter. It will be noted that the error 
made in assuming complete ionization of the potassium cyanide and 
potassivun hydroxide is largely eliminated, since these two substances 
are probably not far from equally ionized and since their concen- 
trations occur as a ratio in the expression for the hydrolysis-constant. 
A similar compensation of the errors arising from the assumption of 
complete ionization is frequent in mass-action formulations. It will 
be seen, however, that such a compensation does not take place in the 
hydrolysis-constant of the ammoniimi cyanide when this is evaluated 
under the assumption that it is completely ionized; but even in this 
case, when this constant is used conversely for calculating hydrolysis 
(as in Prob. lyc) the error is small so long as the concentration of the 
salt is not greatly different from that for which the constant was 
evaluated. 

Just as the equilibrium-constant of a metathetical gas reaction is 
determined by the dissociation-constants of the compounds present 
(Art. loi), so the equilibrium-constant for any reaction between 
ionized substances in solution is determined by the ionization-con- 
stants of the partially ionized substances involved. Accordingly, the 
hydrolysis-constant of a salt is determined (as shown in Prob. i8) 
by the ionization-constant K^ of water and the ionization-constants 
Ka and Kb of the slightly ionized acid and base produced. The 
hydrolysis of salts can therefore be calculated from these ionization- 
constants (as in Prob. 19); and conversely, these ionization-constants 
can be derived from experimentally determined values of thehydiol)rsis 
(as in Prob. 20). 

Prob. 17. — The Hydrolysis-Constant in Relation to the Hydrolysis, — 
a. Calculate from the data in the above text the value of the hydrolysis- 
constant at 25^ for KCN, and for NH4CN. b. Formulate a general 
expression showing how the hydrolysis h of the salt varies with its 
concentration c in the case of KCN, and of NH4CN. c. Calculate 
the hydrolysis of NH4CN in a solution o.oi formal in NH4CN and o.oi 
formal in NH4OH at 25**. 
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Prob. 18. — The Eydrolyns-ConstafU in Relation to the lonization- 
Constants. — a. Calculate the values of the hydrolysis-constant at 25® 
for KCN and for NH4CN from the ionization-constants involved. 
b. Formulate general expressions for the relation between the hydrolysis- 
constant Kn of salts, like KCN and NH4CN, and the ionization-con- 
stants Kw, Ka, Kb. 

Prob. ip. — Calctdaiian of Hydrolysis from the lonixationrConstants, — 
a. Calculate the concentrations of NH4OH, H"^, and OH', in a o.x f. 
NH4CI solution at 25** from the ionization-constants. b. Calculate 
the hydrol3rsis of NH4CsHtOi in 0.025 formal solution at 25^ from the 
ionization-constants. 

Prob. 20. — Calculation of the Ionization of Water from the Hydrolysis 
of Salts. — Calculate the ionization-constant of water at 100^ from the 
hydrol3rsis of NH4CsHtOt as determined in Prob. 14 and from the 
ionization-constants of NH4OH and HCsHtOt at loo**, which have been 
found by conductance measurements to be 1.4X10-* and i.iXio-^, 
respectively. 

106. Ionization of Dibasic Adds and Their Acid Salts. — Polybasic 
adds ionize in stages; thus, a dibasic add H«A ionizes according to 
the equations H»A=H++HA- and HA~=H++A-. The equi- 
librium-constants Ki and K2 of these reactions are called the ionizatio4- 
constants for the first hydrogen and for the second hydrogen, respec- 
tivdy. The values of K2 are commonly much smaller than those of 
Ki. The values at 25° of the two constants for some important acids 
are given in the following table. 

lONIZATION-CONSTANTS OF POLYBASIC ACTOS 

io-« 



Add 


JTi 


Kt 


asoi 


I.7X10-* 


SXio-* 


apo4 


iXio-« 


2X10-^ 


H,C4H40e (tartaric) 


9.7X10^ 


4Xio"» 


H,CO. 


3X10-^ 


6X10-11 


as 


9X10-* 


8Xio-i« 



*From the two ionization-constants of a dibasic acid and its formal 
concentration c the concentrations of the various substances HiA, 
HA", A " , and H"*" present in its solution can be calculated. In solving 
such mass-action problems involving many substances, the best plan 
is to formulate first the equilibrium equations that must be satis- 
fied — thus, in this case the equations (H+) (HA"") = Ki (H2A) and 
(H+) (A«) = 1^2 (HA"). The next step is to formulate the so-called 
condition equations, which sum up the concentrations of the separate 
forms in which an element or other constituent exists in the solution. 
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Thus, in this case, for the total molal concentration Z(A) of the con- 
stituent A, and for that 2(H) of the hydrogen, we have: 

(IiA)+(HA-)+(A-) = S(A)=c, 
(H+)+(HA-)+2(HiA) = S(H) «2C. 
(It will be noted that one of these equations might be replaced by a 
simpler condition-equation of another kind; namely, by the equation, 
(H+) = (HA"")+2(A"), which expresses the fact that positive and 
negative ions must be present in equivalent quantities.) We now 
have four independent equations containing four unknown concen- 
trations. ' An exact algebraic solution of these equations is therefore 
possible. But, as such a solution is often very complicated, it is 
advisable to try first to simplify the condition-equations, which can 
often be done by neglecting in them the concentration of some sub- 
stance which is small in comparison with the concentrations of each of 
the other substances occurring in the same equation. Thus, in this 
case the concentration (A") is small compared with the concentration 
HsA because even the first hydrogen is split off to only a moderate 
extent, and it is small compared with the concentration (HA"") for the 
reasons that K^ is small in comparison with Ki and that the hydrogen- 
ion produced by the ionization of the H»A into H+ and HA~ further 
decreases by the common-ion effect the ionization of the HA"". It is 
always well to test the correctness of such simplif3ring assumptions 
by subsequent calculation of the quantity neglected. 

*Pr6b, 21. — ConcerUratums of the Substances Preseni in tite Solution 
of a Dibasic Add, — From the ionization-constants given in the table 
above, calculate by the method just described the molal concentration 
of eadi of the substances present in a o.oi formal solution of tartaric 
add at 25**. 
*Prob, 22, — Determination of the lonization-Constant for the Second 

; Hydrogen by Reaction^Rate Measurements. — By measuring the conduct- 
ance of tartaric add in 0.06-0.01 formal solution, where the ionization 

^ of the second hydrogen is negligible, the ionization-constant for the 
first hydrogen of the add has been found to be 0.00097 at 25^. The 
hydrogen-ion concentration in a o.i formal solution of sodimn hydro- 
gen tartrate, NaHA, has been shown by its catalytic effect (in Prob. 22 
of Art. 93) to be 0.00020 molal. From these data calculate the con- 
centrations (A"), (HA~) and (HiA), and the ionization-constant for the 
second hydrogen of tartartic add. (In this case no simplification of 
the condition-equations is admissible, other than the assumption that 
the salts NaHA and NasA are completely ionized.) Tabulate the 
molal concentrations of all the substances present in the solution of the 
sodium hydrogen tartrate. 
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DelermitkUian of the lonisationrConsiatU for the Second or Third 
Hydrogen of Acids by Distribution Experiments. — 

*Prob, 2 J. A 0.1 volume-formal solution of sodium hydrogen succin- 
ate in water is found by experiment to be in equilibrimn at 25** with a 
0.00187 volume-formal solution of succinic add in ether. The distribu- 
tion-ratio of succinic add between water and ether at 25^ is 7.5. 

a. Find the concentration of unionized succinic add in the aqueous solu- 
tion of the add salt. b. Calculate the ionization-constant for the 
second hydrogen. That for the first hydrogen is 6.6X10-*. Neglect 
the value of (H-*-) in the condition-equation, c. Show by calculating the 
value of (H-i-) that it was justifiable to neglect it. Ans. 6, 2.5 Xio-*. 

*Prob. 24. Calculate the ionization-constant at 18^ for the third 
hydrogen of H1PO4 (that for the ion HPOf") from the data of Prob. 16 
and from the ionization-constants of water and of ammonium hydroxide, 
which at 18** are 0.5X10-^ and i.7Xio-«, respectively. 

107. Displacement of One Add or Base from its Salt by Another. — 
One of the most important types of equilibrium in aqueous solution 
is the partial displacement of one add or base from its salt by another; 
for example, that of acetic add from sodium acetate by formic add, 
or that of ammoniimi hydroxide from anmioniimi chloride by sodiimi 
hydroxide. 

Before the mass-action relations involved were fully understood, 
the extent of the displacement was taken as a measure of the relative 
strengths of different acids or bases; those which are largely displaced 
from their salts being called weak adds or bases, and those which 
cause such displacement being called strong adds or bases. It is 
shown by Probs. 25-28 that the mass-action law and ionic theory 
give a comparatively simple explanation of this phenomenon in the 
case of not largely ionized imivalent adds or bases; also that the 
relative strengths of different acids or bases, as shown by their disr 
placements, are determined by their ionization, weak ones being 
those which are slightly ionized and strong ones those which are 
largely ionized. 

Displacement of Acids or Bases from their Salts. — 

Prob. 2$. — To a o.x formal solution of KNOi is added at 25*^ an equal 
volume of a o.i formal solution of acetic add. a. Calculate the frac- 
tion of the potassium nitrite that is converted into potassium acetate. 

b. Calculate the fraction that would be so converted if the acetic add 
solution were x.o formal (instead of o.i formal). 

Prob. 26. — a. For the general case expressed by the equation B"*"A'~ 4- 
HA' '■B"*'A'~4-HA where the solution is originally c fonnal in B'^A" and 
(f formal in HA', derive an expression for the fraction x of the salt B'*'A~ 
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converted into the salt B'^'A'", assuming that the ionization-constants of 
both adds are so small that the ionization of them in the presence of 
their salts is negligible, h. Derive from this expression the relation be- 
tween the ionization-constants of the acids and the fractions of the basic 
constituent that are combined with the two acidic constituents for the 
case that c^c'; and state the principle fully in words. 

Pfoh, 27. — To a liter of o. z formal HCl solution is added at 25** a liter 
of O.X formal NH4OH solution and a liter of o. i formal CH«NHtOH solu- 
tion. Calculate the fraction of the acid which combines with each base. 

Proh, 28, — A 0.1 formal solution of acetic acid is added to an equal 
volume of o.i formal NaHCOt solution at 25^, the carbon dioxide pro- 
duced being kept above the solution at a pressure of i atm. a. Calcu- 
late the concentrations of the two salts and two acids in the resulting 
solution, taking 0.0338 as the solubihty-constant (Art. 39) for COt in 
water at 25**. b. Repeat the calculation for the case where no carbon 
dioxide is allowed to escape from the solution; and tabulate the two 
results. 

The displacement of acids and bases from their salts can often be 

determined by measuring the heat effect or the change in volume (as 

in Prob. 30) attending the addition of one acid to the salt of the other 

acid, or of one base to the salt of the other base. In cases where one 

of the acids has a color different from that of its salt (as in Prob. 29), 

the displacement can be determined by measuring the attendant 

color change. 

Prob. 2g, — DetermifuUian of Disflacement by Color Measurements, — 
Violuric acid is a slightly ionized acid whose solution is colorless, while 
solutions of its salts have a violet color which increases proportionately 
with the quantity of salt. 25 ccm. of a o.oi formal solution of violuric 
add are placed in each of two tubes of the same diameter; to one tube 
are added 25 ccm. of a o.oi formal solution of potassium acetate; and 
to the other tube is added o.oi formal KOH solution until on looking 
down through the tubes the colors are seen to be the same, 13.75 c^<^°^* 
of the KOH solution being required, a. Calculate the fraction of the 
violuric add which exists in the first mixture in the form of its salt. 
b. Calculate the ionization-constant of the violuric add. 

* Prob. JO. — Determination of Di placement by Volume Measure- 
ments. — When 1000 g. of a solution containing iKOH is mixed with 
1000 g. of a solution containing iHCtHiOi there is an increase of volume 
of 9.52 ccm. When the former solution is mixed with 1000 g. of a solu- 
tion containing iHCHOi there is an increase of volume of 12.39 ccm. 
When 2000 g. of a solution containing iKCHOi is mixed with 1000 g. 
of one containing iHCtHiOt there is a decrease of voliune of 0.74 ccm. 
a. Determine what fraction of the formic add is displaced from its salt 
by the acetic add. b. Calculate from the ionization-constants the 
faction displaced, and compare the results. Ans. a, 0.26. 
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106. Neutralization-Indicators. — An acid neutralization-indicator 
(such as litmus, paranitrophenol, or phenol phthalein) is a mixture of 
two isomeric acids (HIn' and HIn"') in equQibrium with each other, 
one of which (Hln*) is present in much smaller proportion, but is 
so much more ionized than the other (HInO that when a base BOH 
is added the salt produced is almost wholly of the form B +In """. The 
substances HIn' and B+In'~ are different in color from the substances 
HIn"' and B+In"", the color being determined only by the molecular 
structure of the group In. It follows from these conditions that the 
indicator acid changes color when converted into its salt. For ex- 
ample, phenolphthalein exists in two isomeric forms to which the 
following molecular structures are assigned: 



X:eH40H X:eH40H 

C6H4-C and C6H4-C 

|\C6H40H I \C6H4-O 

COOH 



CO - o 



The first is the (colorless) form HIn' which is present in predominating 
proportion in acid solution; the second is the (red) form Hln*^, which 
has a much larger ionization-constant, and hence on the addition of 
alkali is converted into its (red) salt in much larger proportion than 
the other form. 

It can be shown by the mass-action law that the indicator behaves 
as if it were a single acid HIn whose salt has a different color from the 
acid itself; and its behavior can be represented by a single constant 
called the indicator-canskifU Ku Namely, by combining the two 
equilibrium equations: 

(HIn*) J, . (H^-) (In'--) ^, 
^nSO°^ ^"^ (HInO ^ ' 

there results the equation 

(H+)(Ih'--) j^^r j^ 
(HInO "^^ '"^"• 

Smce according to the above statements (In'') is negligible in compari- 
son with (In ""■"), and (HIn"') is negligible in comparison with (HInO, 
the total indicator acid is substantially equal to (HIn'), and the total 
indicator salt is substantially equal to (In'^"). Hence in the above 
expression the ratio (In*'")/(HInO may be replaced by the ratio 
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x/(i — «), where x represents the fraction of the total quantity of the 
indicator which is in the colored form that exists in alkaline solution. 
Making this substitution, there results the following fundamental 
indicator equaHan: 

i—x 

The relations in the case of basic indicators (existing almost wholly 
in the two diflFerently colored forms In' OH and In"''*' A~) are entirely 
similar to those in the case of acid indicators. By formulating the 
mass-action equations, it can, in fact, be shown that the relation just 
derived between the hydrogen-ion concentration and the fraction x 
of the indicator transformed holds true also in the case of basic indi- 
cators. A basic indicator may therefore be treated as an acid indi- 
cator by adopting as the value of its indicator-constant that calculated 
by the above-given indicator equation; and it will be so treated in the 
following problems. 

Prob, 31, — Determination of the Indicator-Constant, — To 100 ccm, 
of a solution o.i normal in potassium acetate and 0.01 normal in acetic 
add are added 10 ccm. of a o.oi normal solution of paranitrophenol. 
This solution is found to have the same yellow color as a solution made 
by adding 0.50 can. of o.oi normal paranitrophenol solution and 9.5 
ccm. of o.oi normal KOH solution to 100 ccm. of water, a. Calculate 
the indicator-constant, neglecting the quantity of the acetic acid dis- 
placed from its salt by the small proportion of paranitrophenol present. 
b. Show what percentage error is made in (H^), and therefore in Kiby 
neglecting this displaced quantity. 

Prob, j2, — Determination of Small Hydrogen-Ion Concentrations by 
Means of Indicators. — When a small proportion of phenolphthalein 
(Xi = io"*") is added to a o.i formal solution of NaHCOt at 25** the 
indicator is foimd by color comparisons to be 6.0% transformed into its 
salt. Calculate the hydrogen-ion and hydroxide-ion concentrations in 
the solution. 

It is evident from the indicator equation that in the titration of an 
acid with a base an end-point will be reached when the hydrogen-ion 
concentration (H+) becomes so reduced that a considerable fraction x 
of the indicator is transformed into its salt; also that the observed 
end-point will be correctly located only if this transformation occurs 
when equivalent quantities of acid and base are present, and that the 
sharpness of the end-point will dep)end on how fast the hydrogen-ion 
concentration changes in this region. Hence, in order to determine 
how an acid of any known ionization-constant will behave on titration 



REACTIONS BETWEEN SOLUTES 163 

and in order to select the most suitable indicator, it is necessary to 
know how the hydrogen-ion concentration varies when a largely 
ionized base is progressively added. The following table contains 
data of this kind, calculated as shown in Prob. 33. Namely, it shows 
the hydrogen-ion concentrations prevailing at 25*" in solutions of acids 
of ionization-constants 10"*, io~,' 10"^, and io~* when the ratio B/A 
of the quantity of NaOH added to the quantity of the acid present 
has the values given in the first column (the original concentration of 
the add and that of the standard base being 0.2 normal). 

Change of the Hydkogen-Ion Concentration on Netttrauzation 



RiUi0 


Values <4 ikt hyirogm^ion canutUratum for 


b/a 


K^^io-* 


K^^io-* 


JC^-i(r» 


r^-/o-» 


0.980 


2XlO-» 


2XlO-» 


2XlO-» 


2.4XIO-" 


0.990 


iXio-» 


IXIO-' 


iXio-» 


I.6XI0-" 


0.99s 


SXio-» 


5Xio-« 


SXIO-" 


1.2 X 10-" 


0.998 


2XlO-» 


2XlO-« 


2.4 X 10-" 


I.IXIO-" 


1. 000 


iXio-« 


iXio~» 


IXIO-" 


I.OXIO-" 


I.C02 


SX10-" 


SXio-» 


4XIO-" 


0.9X10-" 


I.OOS 


2XIO-" 


2 X IO-" 


2XIO-" 


0.8XIO-" 


1. 010 


IXIO-" 


iXio-» 


1XI0-" 


0.6 X IO-" 


1.020 


SXio-M 


SXio-" 


SXio~« 


0.4XIO-" 



These numbers are also the values of the hydroxide-ion concentra- 
tion for the case that a 0.2 normal solution of a base having an 
ionization-constant equal to lo"*, io~*, io~^,or io~* is titrated with 
a 0.2 normal solution of a strong acid (like HCl), provided the 
numbers in the first column denote the ratio (A/B) of the quantity \ 

of acid to the quantity of base. Thus, when the ratio A/B is 0.98, 
the value of (0H~) is 2 X io~* for a base for which K = lo"*. 

TUraiian of Adds and Bases. — 

Prob. 33. — 100 can. of a 0.2 normal solution of an acid whose ioni- 
zation-constant is io-< are titrated at 25^ with 0.2 normal KOH solu- 
tion. Calculate the hydrogen-ion concentration (H^) in the mixture 
when 99.0, 99.5, 99.8, loo.o, 100.2, 100.5, ^^^d loi.o ccm. of the KOH 
solution have beoi added, using iXio~^^ as the ionization-constant 
of water. 

Prob. 34. — a. Plot the common logarithms of the values of the 
hydrogen-ion concentrations given in the preceding table as ordinates 
against the corresponding values of the ratio of base to add as abscissasy. 
for each of the four adds. b. On the right-hand side of the same 
diagram write in a scale of values of logio(OH'") corresponding to the 
values of logio(H+) on the left-hand side; and at the top of the diagram 
write in a sode of ratios of add to base (A/B) corresponding to the 
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scale of ratios of base to acid at the bottom (thus, B/A^o.pS corre- 
sponds to A/B» 1.02). Now make plots on the same diagram, showing 
how (H^) or (0H~~) varies in titrating bases of ionization-constants 
lo-*, io^», lo-', and !©-• with HCl at 25**, similar in all respects to the 
plots previously made for the four acids. 

Proh. 35, — a. From a study of the diagram of Prob. 34 tabulate 
the values between which the indicator-constant must lie in order that 
the titration of each of the four acids and four bases may be correct 
within 0.2%, assuming that the indicator is 9% transformed, h. Show 
from the plot what percentage error would be made in using phenol 
phthalein {Ki = lo"") in titrating an acid for which -^a « 10"^ when 
the fraction of the indicator transformed is 1%, 9%, and 50%; also 
in titrating an acid for which JCa — io~^ when the fraction of the in- 
dicator transformed is 9% and 50%. c. If the acid for which Kk - lo^' 
were titrated with the aid of an indicator for which Ki = 10-^ (which 
is not far from the value for trinitrobenzene), what error would be 
made when the fraction of the indicator transformed is 5%, 9%, and 
15%? (Note that in a titration carried out in the usual way the 
fraction transformed is not determined more closely than this. Note 
also that an error in the assumed value of the indicator-constant 
woj})d affect the results in the same way as a variation in the fraction 
"Cfansformed.) 

Proh, 36, — Calculate the value of (H+) at the end-point in titrating 
.with phenolphthalein (Xi = io""") when the fraction x of it trans- 
formed is 5% and 20%; with rosolic acid {Ki^io'^) when x is 5% 
and 20%; with paranitrophenol (1^1 = lo^^ when x is 1% and 20%; 
and with methyl orange (11^1 = 5 Xio""*) when x is 80% and 95% (these 
being about the ranges practicable in a titration). Draw in on the 
diagram made in Prob. 34 horizontal lines representing these limiting 
values of (H"^) for the four indicators. Letter the curves and lines on 
the diagram so as to show what each represents. 

Prob, 3J, — With the aid of the diagram show which of these indi- 
cators would give a result accurate within 0.2-0.3% in titrating 
fl, NH4OH with HCl; 6, HNO, with KOH; c, aniline (CeHiNHtOH) 
with HCl. 

Proh, 38, — Titration of the Successive Hydrogens ofPolyhasic Acids. — 
A solution 0.2 formal in H«P04 is titrated with 0.2 formal NaOH solu- 
tion. With the aid of the ionization-constants, calculate the H^ion 
concentration after the addition of enough base to be equivalent, a, to 
99% of the first hydrogen of the add, h, to 1% of the second hydrogen, 
c, to 99% of the second hydrogen, and d^Xo 1% of the third hydrogen. 
e. By reference to the diagram determine what indicators could be used 
for titrating the first hydrogen and the second hydrogen of the add. 
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IV. THE liASS-ACnON LAW FOR REACTIONS INVOLVING SOLID PHASES 

109. Form of the Mass-Action Ezpression. — When a substance 
present as a solid phase is involved in a reaction with gaseous sub- 
stances at small pressures, that substance has in the gaseous phase of 
all equilibrium mixtures at any definite temperature the same pressure, 
namely, one equal to the vapor-pressure of the solid substance. Simi- 
larly, when a substance present as a solid phase is involved in a re- 
action with dissolved substances at small concentrations, it has in 
the liquid phase of all equilibrium mixtures at any definite temp)era- 
ture the same concentration, namely, one equal to its concentration 
in a solution saturated with the solid substance and containing no 
other solutes. Hence the pressure in the gaseous phase or the con- 
centration in the liquid phase of any substances which are also present 
as solid phases may be left out in formulating the mass-action expres- 
sion, their constant pressures or concentrations being understood to be 
included in the equilibrium-constant. Thus, p^pmo » iC is the mass- 
action expression for the reaction Fe(s)-|-HiO(g) =FeO(s)-|-Ii(g). 

As here illustrated, solid, liquid, and gaseous substances occurring 
in chemical equations are indicated by attaching to their formulas (s), 
(1), and (g), respectively, when it is important to show the state of 
aggregation. Substances in solution are written either without any 
such addition to their formulas or with the addition of a parenthesis 
showing the concentration or composition; for example, NHj (o.i f.), 
H+Cl-(in 100 HiO). 

110. Reactions involving Solid and Gaseous Substances. — The 

simplest type of the reactions involving solid and gaseous substances 
is that in which only one substance is present in appreciable quantity 
in the gaseous phase. Examples of this type are: 

2Ag20(s) -4Ag(s)+02(g); CaCOsCs) =CaO(s)+C08(g); 
CaS04.2H20(s) =CaS04(s)-|-2HiO(g). 

The mass-action expression for this case is simply P- K, which sig- 
nifies that at any definite temperature there is only one pressure of 
the gas at which there can be equilibrium. This pressure is called 
the dissociation-pressure of the substance imdergoing decomposition 
(thus of the silver oxide, the calcium carbonate, or the gypsum). If 
the pressure of the gas is kept larger than this pressure, the reaction 
takes place completely in one direction, with the result that the gas 
is entirely absorbed; and if the pressure is kept smaUer, the reaction 
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takes place completely in the other direction, with the result that the 
dissociating substance completely decomposes. This important char- 
acteristic of reactions of this type will be fully considered in Art. 119. 
Other types of reactions, involving equilibrium between solid 
substances and two or more gaseous substances, are illustrated by the 
following problems. 

Dissociation of Solid Substances Producing Two Gaseous Substances. — 

Proh. 3g, — When solid NH4SH is placed in a vacuous space at 25** 
a pressure of 500 mm. is developed, owing to the dissociation of the 
salt, which is itself not appreciably volatile, into NHi and HsS. If 
solid NH4SH were introduced into a space which already contained 
HsS at a pressure of 300 mm., what increase of pressure would result? 

Proh. 40, — The equilibrium-constant (expressed in atmospheres) of 
the reaction 2NaHGO,(s)=Na8CO,(s)4-CO»(g)+HiO(g) at 100** is 
0.23. A current of moist carbon dioxide is passed at x atm. over solid 
sodium hydrogen carbonate (in order to free it from adhering water). 
How great must the mol-fraction of the water in the gas be to prevent 
decomposition of the salt? 

Proh. 41. — When solid mercuric oxide is heated in an evacuated tube 
to 357^ in the vapor of mercury boiling at i atm., a pressure of 70 mm, 
is produced in the tube owing to dissociation of the oxide into mercury 
vapor and oxygen. Assiuning that a mixture of solid mercuric oxide 
and liquid mercury is heated in the same way, calculate the partial 
pressure of the oxygen in the tube. Ans. o.oSS'nun. 

Proh. 42. — Equilibrium oj the Producer Gas Reaction. — In one stage 
of the manufacture of producer gas a current of air at i atm. is passed 
through coke at a high temperature. Calculate the mol-fractions of 
COi and of CO in the gas issuing at looo**, assuming equilibrium to be 
reached. The equilibrimn-constant for the reaction C(s) H-COi(g) = 
2C0(g) at looo** is 140. 

Dissociation-Pressure in Relation to Equilibrium-Constant. — 

Proh. 4 J. — At 1 1 20** the gaseous mixture in equilibrium with iron 
and ferrous oxide consists of 54 mol-percent of Hi and 46 mol-percent 
of H2O. Calculate the dissociation-pressure of ferrous oxide, referring 
to Prob. 8 for the additional data needed. 

Proh. 44. — In the blast-furnace process iron is reduced by the reac- 
tion FeO(s) H-CO(g) =Fe(s) -|-COi(g). Calculate the least quantity of 
carbon monoxide that could reduce one formula-weight of FeO at 1120^, 
using the dissociation-pressiure of ferrous oxide found in Prob. 43. 

111. Solubility of Unionized and Slightly Ionized Substances. — 
The fundamental principle determining the solubility of a unionized 
or slightly ionized substance in the presence of other solutes is that 
the concentration of this substance, or of its unionized part if its 
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ionization is not negligible, has the same value at any definite temx)era- 
tiirg^jD any sffiliitjon saj^11ra^•pH with Tcspect to this substance^ whatever 
other solutes may be present at small concentrations. The application 
oTlhisprinciple is illustrated by the following problems. 

SolubilUy-Increase Due to Complex Formation. — 

Proh. 45, — At_2S® the solubility of iodine in water is 0.0013 molal, 
and its solubility in o.i formal KI solution is 0.0517 molal, the increase 
being due to the reaction K"^" 4-Ii(s) = K"^". Calculate its solubility 
in o.oi formal KI solution at 25^. 

Prob. 46 — Calculate the solubiUty of HgCli in o.i formal NaCl solu- 
tion at 25** from the results of the distribution experiments of Prob. 44 
of Art. 45 and from the fact that its solubility in water at 25^ is 0.263 
molal. 

112. Solubility of Largely Ionized Substances. — The mass-action 
law evidently requires, in all dilute solutions saturated with the same 
solid substance, that the concentration of the unionized substance 
have the same value, and also that the product of the ion-concentra- 
tions raised to the appropriate power have the same value, whatever 
other substances may be present (at small concentrations). Thus at 
any definite temperature in any aqueous solution saturated with 
silver sulfate, whether it is present alone or with another solute, such 
as silver nitrate or ammonium hydroxide, the first of these principles 
requires that (Ag2S04) have a definite value; and the second principle 
requires that the product (Ag'*")*x(S04") also have a definite value. 
This saturation value of the ion-concentration product is conmionly 
called the solubUUy-product', and the principle expressing its con- 
stancy is called the solfdnlUy-product principle. 

The principle relating to the concentration of the unionized part 
cannot be applied to largely ionized substances; for the degree of 
ionization of such substances is so imperfectly known that it is not 
possible to estimate even roughly the concentration of the imionized 
part. In the case of largely ionized substances the solubility-product 
principle is therefore employed; but even this gives only approximate 
results, since, as shown in Art. 103, ions deviate considerably from the 
laws of perfect solutions even at fairly smaU concentrations. Never- 
theless, the solubility-product principle, supplemented by the hy- 
potheses that largely ionized substances are completely ionized and 
that their ions act as perfect solutes, yields roughly approximate 
results in the treatment of the solubility effects of uniunivalent sub- 
stances up to moderate concentrations, such as 0.1-0.2 formal, as 
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will be shown in the following problems by comparison of the observed 
solubility values with those calculated from the solubility in pure 
water. The effects of uniunivalent substances on the solubility of 
unibivalent substances, and the effects of imibivalent substances on 
the solubility of uniunivalent substances, are also in roughly approxi- 
mate agreement with the requirements of these principles. Very 
large deviations are met with, however, in evaluating the solubility 
of one unibivalent substance in the presence of another. Thus the 
effect of Ag+NOj-on the solubility of Ag+2S04", or the effect of 
Ca++Cl'"2 on the solubility of T1+C1~, may be estimated by these 
principles; but the effect of Na"+"2S04" on the solubility of Ag^j SOi" 
is very different from that calculated. This very abnormal effect 
exerted by bivalent ions may arise either from great deviations in 
their behavior from that of perfect solutes, or from their conversion 
into intermediate ions (such as A^SOa" in the case of AgsSO^. In 
view of this great divergence it is not practicable to predict even 
approximately the effect of unibivalent salts on the solubility of one 
another, except at very small concentrations (for example, below o.oi 
formal). 

An exact method of treatment of solubility effects in the case of 
largely ionized substances is described in Art. Z13. 

SoliibilUy-Decrease by Substances with a Common Ion. — 

Prob, 47. — The solubility of AgBrOi in water at 25° is 0.0081 formal. 
Calculate its solubility in a solution 0.0085 formal in AgNQi, and com- 
pare the result with the value 0.0051 formal experimentally determined. 

Prob. 48. — The solubility of KCIO4 in water at 25*^ is 0.148 formal. 
Calculate its solubility in a solution 0.100 formal in KCl. Compare the 
result with the value 0.112 formal experimentally determined. 

Prob}4g. — a. Derive an expression for the solubility s of AgCl in a 
dilute NaCl solution of concentration c in terms of its solubility 5o in 
water, b. Calculate the ratio s/sq for c - 5o, for c - 2 Jo, and c - lo^o. 

Prob. so. — The solubility of AgiSOi in water at 25® is 0.0268 formal. 
Calculate its solubility, a, in a solution 0.050 formal in AgNQi, 6, in a 
solution 0.025 formal in K1SO4, solving in each case the cubic equation 
by trial, c. Tabulate the results with those actually determined, 
which are 0.0142 and 0.0247, respectively. 

Prob. 51. — The solubility of Mg(OH)i in water at 18** is 1.4 Xio""* 
formal, a. Calculate its solubility in 0.002 formal NaOH solution. 
b. Calculate its solubility in o.ooi formal MgCli solution. 

Prob. 52. — Soluhility'Increase through Metathesis. — The solubility 
of Mg(OH)i in water at 18** is 1.4X10"* formal, a. Calculate its 
solubility in 0.002 formal NH4CI solution. Neglett the concentration 
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of OH" in comparison with that of NH4OH. b. Calculate the ratio of 
(0H~) to (NH4OH) in the saturated solution in order to test the simpli- 
fying assumption above made. Ans. a, 8.6Xio~^. 

Prob, 53. — SolubilUy-Increase through Complex-FamuUion. — The 
solubility of AgCl in water at 25** is 1.30X10"* formal. Calculate its 
solubility in o.i formal NHt solution. There is formed a complex ion 
by the reaction Ag"*'-f2NHj'«Ag(NHj)j"'", its equilibrium-constant 
(conunonly called the complex-constant) having the value 14X10^. 
Ans. 0.0044. 

Conversion of One Solid Substance into Another, — 
Prob,S4. — The solubility of silver thiocyanate is i.2Xio~* formal 
and that of silver bromide is 0.7 X io~* formal at 25*^. a. Calculate the 
equilibrium-constant of the reaction AgSCN(s)-|-K"^r~«AgBr(s)4- 
K'*'SCN'~ in dilute solution, b. If 8.3 g. of solid AgSCN are treated 
with 200 ccm. of o.i formal KBr solution, what proportion of the silver 
salt is converted into bromide? c. What volume of the 0.1 formal 
KBr solution would convert the sc^d AgSCN completely into AgBr? 
d. With what mixtures of potassium thiocyanate and potassium bromide 
could the silver thiocyanate be treated without any change taking 
place? 

Prob. S5' — Determine the ratio of carbonate to hydroxide in the 
solution obtained by digesting at 25^ a 0.1 formal NasCOt solution with 
excess of solid Ca(OH)i (as in the technical process of caustidzing soda). 
The solubility of calciiun hydroxide is 0.020 formal, and the product 
(Ca"'^)X(C(i") has the value 3X10"* in water saturated with cal- 
cium carbonate. 

*113. The Mass-Action of Imperfect Solutes. The Concept of 
Activity. — The mass-action law is a limiting law rigorously exact 
only for perfect gases or perfect solutes, but holding true with reason- 
able accuracy in the case of most gases at moderate pressures (such as 
I to 5 atmospheres), and in the case of solutes with electrically neutral 
molecules up to moderate concentrations (such as i molal), but show- 
ing large deviations in the case of ions even at small concentrations 
(such as O.I molal). For the mass-action and thermodynamic 
treatment of solutes at concentrations larger than those at which they 
can be regarded as perfect solutes, it has been found convenient to 
introduce a new concept, which will now be described. 

The mass-action of a perfect gas or perfect solute, as the mass- 
action law states, is represented by its concentration; but when a 
chemical substance is not a periect gas or solute or when its concen- 
tration is unknown, its mass-action is expressed by the term activity (a), 
by which is meant that quantity which, when substituted for the 
concentration of the substance in mass-action equations, expresses 
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its effect in determinmg the equilibrium. Hence the activity of a 
substance represents its effective concentration from a mass-action 
viewpoint; and the factor by which theactual concentration c must 
be multiplied to give the activity is called the actwUy-co^ficiefU a, that 
is, a=ac, or a=a/c. 

In accordance with these general definitions, the most obvious 
method of determining the relative activities of a substance in two 
solutions of different concentrations, or in general in any two phases, 
is to find its concentrations in gaseous phases in equilibrium with the 
two solutions, or in general with the two phases; for the activity of a 
perfect gas is placed equal to its concentration, and the activity of a 
gas at small pressure can ordinarily be considered to be substantially 
equal to its concentration. This method affords a definition of 
activity, which is more specific and quantitative than the general 
statement in regard to it made above. Namely, the ratio of the 
activities of a substance in two phases is equal to the ratio of its vapor- 
pressures in the two phases, provided the vapor can be regarded as 
perfect gas. That is, fli/fl8=^i/^. For example, the ratio of the 
activities of unionized hydrochloric acid in its lo formal and 7 formal 
aqueous solutions at 25^ is 30.0, since the partial vapor-pressures of 
the hydrochloric add in those solutions have been found to be 4.2 
and 0.14 mm. of mercury. This quantity is also the ratio of the 
products of the activities of hydrogen-ion and chloride-ion in the two 
solutions, since these products are by definition the quantities that 
must be substituted in the mass-action expression for the equilibrium 
of the reaction HC1=H++C1~. These statements are expressed by 
the equations: 

(pEC\)l ^ (flHCl)l ^ (g H*)i(flci-)i 
(pRcdi (flHCl)« (^hOj (^C1-)i 

Calculation of Activity Ratios from Vapor-Pressure. — 
Prob, 56, — a. Calculate the relative activities of NHj and H/) in i.o 
formal and in o.i formal solution at 25^ from the facts that the vapor- 
pressiu-es of NHs in these solutions are 13.52 mm. and 1.334 mm., and 
that the vapor-pressures of HiO are those required by Raoult's law. 
h. Calculate the ratio of the activities of the NH4OH in these two solu- 
tions; also the ratio in each solution of the activity of the NH4OH to 
that of the NHs. c. Calculate the ratio of the products of the activities 
of the NH/ and OH" ions in the two solutions. 

Proh. 57, — a. Calculate the ratio of the activities of HjO in pure 
water and in i formal NaCl solution at o^, whose mol-number (Art. 59) 
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is 1.79, as detennined from its freezing-point, b. Find also the ratio 
of the product of the activities of the H**" and 0H~ ions in pure water 
to the product in i formal NaCl solution at o^. 

This direct method is of very limited applicability to largely ionized 
substances, since they seldom have appreciable vapor-pressures. 
There is, however, a simple thermod3niamic relation between activity 
and electromotive force (considered in Arts. 146 and 147) which 
furnishes a means of determining the change in the product of the 
activities of the ions with the concentration of the salt; and, by 
assimiing that at very small concentrations the activity of the ions is 
equal to the concentration of the ion-constituent, absolute values of 
the product of the activities of the ions at various concentrations of 
the substance are obtained. The change in the activity of solutes 
with the concentration can also be derived from the freezing-point 
lowering with the aid of thermodynamic relations, and from the effect 
of salts on the solubility of one another. 

A number of substances have already been studied by these methods. 
The following table contains some t3q)ical values of the activity- 
coefficient at 25*. (These values are in reality the square-root of 
the product of the activity-coefficients of the two ions of the substance, 
or the geometrical mean of the activity-coefficients of the two ions; 
for it is only this product that can be determined.) These values are 
so expressed as to be the quantity by which the concentration of the 
substance must be multiplied to give the activity of the ions. For 
comparison the values of the conductance-viscosity ratio are also given 
in the table. Potassium chloride and ammonium chloride have been 
found to have substantially the same activity-coefficients and the 
same conductance-viscosity-ratios as sodium chloridei at any rate 
up to 0.2 formal. 
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The table shows that with increasing concentration the ion-activity- 
coefficient of all four substances decreases at first much more rapidly 
than the conductance-viscosity-ratio. Thus at o.i formal the co- 
efficient is less than this ratio by 6 to 12 percent. Moreover, the 
coefficient, unlike the ratio, passes through a minimum at about 0.5 
formal (except in the case of sodium chloride where the minimum 
occurs between i and 3 formal). This comparison shows quantita- 
tively the error in assuming that the conductance-viscosity-ratio is a 
measure of the ion-activity. 

The activity-coefficient, however, does not show, any more than the 
conductance-ratio, the ionization of the substance. For just as the 
conductance-ratio affords no means of determining the separate 
influences of ionization and ion-mobility, so these activity-coefficients 
do not show to what extent the change of activity with increasing 
concentration is due to decreasing ionization and to what extent it is 
due to an increasing deviation in the behavior of the ions from that of 
perfect solutes. In other words, though the activity-coefficient is an 
exact expression of the mass-action of the ions, it shows nothing about 
their concentration or about the concentration of the unionized sub- 
stance present with them. In most applications of the mass-action 
law it suffices to know the activities of the ions involved, a knowledge 
of the actual ionization being superfluous. In other applications 
where the concentration of the unionized substance must be evaluated, 
it is necessary to estimate the ionization. As there is no experimental 
basis for making this estimate, some supplementary hypothesis must 
be employed in these cases, for example, the hypothesis stated in Art. 
79 that the ionization of largely ionized substances is complete. 

Applications of the Activity Principles and Comparison of the Results 
with Those Obtained by the Ustial Methods. — 

Prob. 58, — a. Calculate the activity-coefficient of the OH ion-con- 
stituent, that is, the ratio of its activity to the activity or concentration 
of the NH4OH, in a solution o.i f. in NH4OH and 0.2 f. in NH4CI at 
25**, assuming that the NH/ and Q" ions have equal activities in the 
solution, and taking i.8Xio~~' as the ionization-constant of NH4OH. 
5. Calculate the ionization of the NH4OH in the solution under the 
assumptions that the conductance-viscosity-ratio for NH4CI is equal to 
its ionization and that its ions are perfect solutes, c. Calculate the 
ionization of the NH4OH under the assumptions that the NH4CI is 
completely ionized and that the ions are perfect solutes, d. Tabulate 
the results of these three calculations so as to show the different conse- 
quences of the activity principle and of the two simfdifying assumptions. 
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Prob. sg, — When a 0.06 fonnal solution of Cls in water at o^ has come 
to equilibrium, it is found (by the method illustrated in Piob. 36 of 
Art. 80) that 31% of the Qs has undergone change according to the 
equation Cl,+HjO=H^Cl--fHOCl. a. Calculate the equilibrium- 
constant of this reaction assuming that the HCl is completely ionized 
and that its ions are perfect solutes, h. Calculate under these assiunp- 
tions the percentage of the CU that would undergo change in a solution 
that is 0.06 formal in CU and 0.2 formal in HCl at the beginning, first 
simplifying the equation by omitting negligible quantities, c. Calcu- 
late the equilibrium-constant using the true activity-coefficient for HCl 
obtained from the above table, d. Solve the problem stated in h, 
using true activity-coefficients, e. Tabulate the results of these four 
calculations, so as to show the differences resulting from the use of the 
approximate and exact methods of treatment. 

Proh. 60, — The solubility of TlCl in water is 0.0161 formal at 25®. 
Calculate its solubility in a 0.05 formal KCl solution under the following 
assumptions: a, that the two salts are completely ionized and that their 
ions are perfect solutes; &, that the ionization of each salt is that given 
by the conductance-viscosity ratio for KCl at a concentration equal to 
the total salt concentration in the solution; c, that the activity-co- 
efficient for each salt is equal to that for KCl at a concentration equal 
to the total salt concentration in the solution, d. Tabulate the results 
of these three calculations together with the experimentally deter- 
mined solubility, which is 0.0059 formal. (The deviation of the value 
calculated with the activity-coefficients from the observed value is 
probably due to inaccuracy in the assmnption that the activity- 
coefficient for TlCl is equal to that of KCl at the same concentration. 



CHAPTER VIII 

EQUILIBRIUM OF CHEMICAL SYSTEMS IN RELATION TO 

TEIE PHASES PRESENT 



I. GENERAL CONSIDESATIONS 

114. General Considerations. — In this chapter are considered the 
principles relating to the number j state of aggregation, and composi- 
tion of the phases (defined as in Art. 35) whidi coexist in equilibrimn 
with one another when systems composed of one substance or of two 
or more substances in various proportions are subjected to different 
temperatures and pressures. 

The kinds of phenomena to be considered are illustrated by the 
following examples. The state in which the substance water exists is 
determined by the temperature and pressure. Thus these conditions 
determine whether it exists in the form of a single phase as ice, as 
liquid water, or as vapor; in the form of two phases as ice and liquid 
water, as ice and vapor, or as liquid water and vapor; or in the form 
of the three phases, ice, liquid water, and vapor. So also in the case 
of two substances, such as carbon bisulfide and acetone, there are, as 
shown by the vapor-pressure-composition and boiling-point-com- 
position diagrams of Arts. 42 and 43, definite conditions of pressure 
and temperature at which any definite mixture of the two substances 
forms two phases — a liquid phase and a vapor phase; and under these 
conditions the composition of each phase is also definite. 

A system (Art. 23) is determined by its composition, that is, by the 
nature and quantities of its components; the components being any 
substances out of which the systems under consideration can be made 
up, through the use of the smallest possible number of such substances. 
The state of a S3rstem is definite when it has certain definite phases 
and when the specific properties of each phase, such as its density, 
specific conductance, index of refraction, etc., have definite values. 
In order that the specific properties of any one phase of a system may 
be fully determined, it is necessary to specify, in addition to the propor- 
tions of its components, any external factors which affect these proper- 
ties. The only external factors which commonly have an appreciable 
influence are the pressure and temperature; and, in the following 
considerations relating to the equilibrium of phases, these factors 
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alone are taken into accoimt, and their values are assumed to be uni- 
form throughout all the phases of a system. 

It is a fundamental law of the equilibrimn between phases that the 
absolute quantity of the different phases does not influence their com- 
position. Thus the composition of a solution in equilibrium with a 
solid salt is not dependent on the quantity of the solid in contact with 
the solution. The composition of the vapor in equilibrium with a 
definite liquid solution is not dependent on the quantities of liquid 
and vapor in contact with one another. The proportion of hydrogen 
and water-vapor in equiUbrium with soUd iron and soUd ferrous oxide 
is not dependent on the quantities of these solid phases in contact 
with the gaseous phase. The rate at which equilibrimn is established 
between phases is, however, greatly increased by increasing the extent 
of the surfaces between them. 

The purpose of this chapter may now be more definitely stated. 
Its purpose is to show how the nature, the quantity, and the composi- 
tion of the phases of a series of systems of the same qualitative com- 
position vary when the composition of the system as a whole and the 
pressure and temperature are varied. One-component systems are 
first considered; then a general principle, known as the phase rule, 
applicable to systems with any number of components, is presented; 
and finally two-component and three-component s}^tems are dis- 
cussed. 
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n. ONE-COMPONENT SYSTEMS 

116. Representation of tiie Bquilibrium-Conditions by Diagrams. — 

In the case of one-component systems the conditions under i^diich 
the different phases exist in equilibrium with each other are fully 
represented by pressure-temperature diagrams; for the state of any 
phase of such systems is evidently determined when the pressure and 
temperature are specified. 

The figiue shows a part of the temperature-pressure diagram for 
the component sulfur, which forms not only liquid and gaseous phases, 
but also two solid phases, known from their crystalline forms as 
rhombic and monoclinic sulfur. In the diagram the (vapor-pjessure) 
curve AB represents the pressures at which rhombic sulfur and sulfur- 
vapor are in equilibrium at various temperatures; the (vapor-pressure) 
curve BC represents the pressures at which monoclinic sulfur and 
sulfur-vapor are in equilibrium at various temperatures; and the 
(transition-temperature) curve BE represents the temperatures at 
which monoclinic and rhombic sulfur are in equilibrium at various 
pressures. Temperatures, like these, at which two solid phases are 
in equilibrium with each other are called tfansUion4emperaiures^ 
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The point of intersection B of these three curves shows the only 
temperature and pressure at which rhombic sulfur, monoclinic sulfur. 
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and sulfur-vapor are in equilibrium with one another. A point, like 
this, at which three phases coexist is called a Hple fmni. 

The (vapor-pressure) curve CD represents the pressures at which 
liquid sulfur and sulfur-vapor are in equilibrium with each other at 
various temperatures; and the (melting-point) curve CF represents 
the temperatures at which monoclinic sulfur and liquid sulfur are in 
equilibrium at various pressures. The point C is evidently a second 
triple point at which monocUnic sulfur, liquid sulfur, and sulfur-vapor 
coexist. As indicated on the diagram, the fields between the different 
lines show the conditions under which sulfur exists as a single phase. 

Frob, I. — Behaoior of Sulfur Derived from the Diagram. — Describe 
with the aid of the dia^^um the changes that take place, a, when sulfur 
is heated in an evacuated tube in contact with its vapor from 90** to 
125^; by when sulfur is allowed to cool from 125^ to 90^, the pressure 
being kept constant at 0.04 nun. 

The curves BE and CF in the figure are vety nearly vertical lines; 
for increase of pressure always produces a relatively small change 
in the transition or melting temperature. Thus the transition-tem- 
perature of the two solid forms of sulfur increases about 0.04^, and 
the melting-point of monoclinic sulfur increases about 0.03^, per 
atmosphere of pressure. With certain substances the effect of pres- 
sure is to decrease the transition or melting temperature; thus the 
melting-point of ice is lowered by 0.0076^ by an increase of pressure 
of one atmosphere. The directbn and magnitude of this effect can 
be derived from thermodynamic considerations, as shown in Art. 165. 

Unstable Forms, — 

Frch.2, — a. To what equilibria do the curves BG, GC, and GH and 
the point G in the figure correspond? b. Considered with reference to 
these equilibria, to what form of sulfur do the fields E^GH, HGCF, 
and GBC correspond? c. In what sense are these equilibria unstable? 

Frob, 3, — Draw a sulfur diagram extending to pressiures above the 
triple-point for rhombic, monodinic, and liquid sulfur, which lies at 151^ 
and 1280 atm. 

Frob. 4, — It will be noted that the unstable form at any temperature 
has the greater vapor-pressure. Prove that this must be so by showing 
what would happen if the two forms were placed beside each other in 
an evacuated ai^paratus. 

Frdb. 5. — Prove by a similar consideration that the unstable form 
must also have the greater solubility in any solvent, such as carbon 
bisulfide. (Note that a substance is commonly present in th^ same 
molecular form in the solutions produced by dissolving its diiSerent 
solid forms.) 
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How great the tendency b for a substance to remain in the same 
form after passing through a melting-temperature or transition-tem- 
perature and thus to exist in an unstable form depends in large measure 
on the nature of the substance. The following general statements in 
regard to it can, however, be made. A crystalline solid cannot as a 
rule be heated appreciably above its melting-point; thus, ice always 
melts sharply at o^ (under a pressure of i atm.). On the other hand, 
a liquid (like water) can ordinarily be cooled to a temperature con- 
siderably below the freezing-point if agitation and intimate contact 
with solid particles, especially with the stable solid phase, is avoided. 
Still more pronounced is the tendency of solid substances to remain 
in the same form upon being heated or cooled through a transition- 
temperature; thus rhombic sulfur can be heated to its melting-point 
(iio^), although this is about 15^ higher than the transition-tempera- 
ture (95.5^) at which it should go over into monodinic sulfur; and 
monoclinic sulfur can be cooled to room temperature without going 
over into the rhombic form, provided this be done quickly and without 
agitation. 

The rate at which an unstable phase goes over into the stable one 
tends to increase with the distance from the transition-temperatures; 
but when the substance is below its transition-temperature this 
tendency may be more than compensated by the greatly reduced rate 
of reaction which a considerable lowering of temperature always pro- 
duces; thus white phosphorus is an unstable form, but the rate at 
which it goes over into the stable red form at room temperature is so 
small that it may be preserved unchanged for years; similarly, diamond 
is an unstable form of carbon at room temperature, but it does not 
go over into graphite or amorphous carbon. 
An effective means of causing an unstable form to go over into a 
stable one is to mix it intimately with the stable form. The transition 
may also be accelerated by moistening the mixture of the two forms 
with a solvent in which they are somewhat soluble. These facts 
are made use of in the determination of transition-temperatures. 
Thus the transition-temperature of sulfur has been determined by 
charging a bulb with a mixture of rhombic and monoclinic sulfur, 
filling it with carbon bisulfide and oil of turpentine, keeping it for an 
hour first at 95^ and then at 96^, and noting whether the liquid rose 
or fell in the capillary stem attached to the bulb. The volume was 
foimd to decrease steadily at 95^ (owing to the transition of the mono- 
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clinic into the rhombic fonn), and to increase steadily at 96^ (owing 
to the reverse transition), showing that the transition-temperature 
lies between 95 and 96^. 

Prob. 6. — TransiHon in Rdation to SolubUUy. — a. Suggest an 
explanation of the catalytic action of the solvent in accelerating the 
transition of the sulfur, b. Outline a method by which the transition- 
temperature of sulfur could be determined by quantitative solubility 
measurements. 
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m. THE PHASE RULE 

116. The Concept of Variance and Inductiye Derivation of the 
Phase Rule. — There will next be considered a principle, called the 
phflLse rule, which serves as a basis of classification of different t3rpes of 
equilibrium and enables the niunber of phases that exist under specified 
conditions to be predicted. There must, however, first be presented 
a concept involved in that principle — that of variance. 

Prob. 7. — Number of Factors Determining the State of One-Component 
Systems. — Assuming that sulfur is kept at a specified pressiue of 0.04 
mm., state at what temperatures it is stable, a, in a single phase as 
riiombic sulfur, as monodinic sulfur, and as liquid sulfur; 5, in two 
phases, as rhombic and monodinic sulfur, and as monodinic and liquid 
sulfur; Cy in the three phases, rhombic sulfur, monodinic sulfur, and 
sulfur-vapor. 

It will be noted that, in order to determine the position on the 
diagram and therefore the state of the system, the values of two 
determining factors, namdy, the values of both the pressure and 
the temperature, must be specified when there is only one phase; that 
the value of only one of these factors, either the temperature or pres- 
sure, need be specified when any two phases coexist; and that no 
condition can be arbitrarily specified when any three phases coexist. 

The number of determining factors whose values can and must 
be specified in order to determine the state of a system consisting of 
definite phases and components is called its variance or number of 
d^ees of freedom; and, corresponding to the number of such factors, 
systems are said to be nonvariant, univariant, bivariant, etc. 

It is evident from the preceding statements that when a one-com- 
ponent system consists of only one phase the system is bivariant^ 
when it consists of two phases it is univariant, and when it consists 
of three phases it is nonvariant. In other words, the sum of the 
variance and number of phases is always three for a one-component 
system. 

Relation of Variance to Number of Phases. — 

Prob. 8. — Discuss with reference to the prindple just stated and to 
the sulfur diagram the possibility of the coexistence, a, of the three 
phases, rhombic, monodinic, and liquid sulfur; b, of the four phases, 
rhombic, monodinic, liquid, and gaseous sulfur. 

Prob. g. — Consider the following systems existing in the phases in- 
dicated: 
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(i) Solution of CtHtOH and HiO. 

(2) Two solutions, Brs in HiO, and HiO in Brt. 

(3) Two solutions, Brt in HtO, and HsO in Brt; and their vapors. 

(4) Two solutions, Brt in HtO, and HiO in Bn; their vapors; ice. 

(5) Solution of HtO, CHiOH, and HCtHtOt. 

(6) Solution of HtO, CtHiOH, and HCtHtO; and their vapors. 

a. Upon the basis of the principles already considered relating to 
solubility, vapor-pressure, and freezing-point, name definitely certain 
factors the specification of whose values will fully determine all the 
properties of each of these systems, h. Make a table showing the 
number of components, the niunber of phases, the variance, and the 
sum of the number of phases and the variance, for each of these systems. 
Note that the specific properties of any one phase, such as its density, 
specific heat-capadty, or refractive index, have definite values only 
when it is at some definite temperatiue and pressure and when it has a 
definite composition, which may be determined by specifying the mol- 
fractions of all but one of its components. 

These problems show that in every case the sum of the number of 
phases (P) and of the variance (V) i^ greater by two than the number 
of the components (C); that is, P+Vs=t+2. This principle, which 
is called the phase rule, is a general one, applicable to systems consist- 
ing of any number of components and of any number of phases. 

The phase rule furnishes a basis for the classification of different 
types of equilibrium. It also enables the niuxiber of phases that can 
exist undqr specified conditions to be predicted. The usefulness of 
the phase rule itself is, however, often exaggerated. Of primary 
importance in the treatment of the equilibrium conditions of systems 
in relation to the phases present are the methods of representing those 
conditions by diagrams, as described in later articles of this chapter. 

Prob. 10. — Number of Phases Permitted by the Phase Rule, — Sodiima 
carbonate and water form solid phases of the composition NaiCOi.HiO, 
NatCOt-yHtO, and NaiCQt.ioHtO. a. State how many of these 
hydrates could exist in equilibrium with the solution and ice under 
a pressure of i atm. b. State how many of these hydrates could exist 
in equilibrium with water-vapor at 30^. 

*117. Discussion of the Concept of Components. — The substances 
to be regarded as the components, and correspondingly the number 
of components, are obvious in cases, like those already considered, in 
which there is no transformation of the components into other chemical 
substances. In cases where a chemical action occurs, the term com- 
ponent requires to be more specifically defined, which may be done 
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as follows. It is evident from the preceding derivation of the phase 
rule (and from that m Art. 1 18) that in general any substances may be 
selected as the components, the specification of the relative quantities 
of which in any phase suffices to determine fuUy the composition of 
that phase; the components, moreover, being such that this is true 
whatever phase of the system is considered. This definition is illus- 
trated by the following examples. 

The composition of a gaseous phase containing hydrogen, oxygen, 
and water-vapor in equilibrium with one another at any definite 
temperature and pressure is f uUy determined by specif 3ring the relative 
quantities of total hydrogen and total oxygen present, either as the 
elementary substances or as constituents of the water; for then the 
proportions of the three substances adjust themselves so as to satisfy 
the conditions of the equilibrium between them, for example, so as to 
satisfy the mass-action law if the substances are perfect gases. The 
number of components in this case is therefore two. 

The composition of a gaseous phase containing hydrogen, oxygen, 
and water-vapor at low temperatures where there is no reaction be- 
tween the substances is evidently determined only when the relative 
quantities of hydrogen, oxygen, and water in the phase are specified. 
The munber of components is therefore three under these conditions. 

It is obvious from these examples that the number of components is 
determined not only by the substances present, but also by the equi- 
libria that are established between them. It is therefore advisable 
to write chemical equations expressing all the equilibria actually 
established, so as to make sure that the proportion of every chemical 
substance present in any phase would be determined by specifying 
that definite relative quantities of the components adopted are present 
in that phase, and to make sure, on the other hand, that more com- 
ponents have not been adopted than are necessary. 

Another aspect of the matter may be considered. In a gaseous 
phase where hydrogen, oxygen, and water are in chemical equilibrium, 
one particular system could be produced by taking water as the only 
component; but the phase considerations of this chapter have refer- 
ence always to a series of systems of the same qualitative, but varying 
quantitative composition; and such a series containing hydrogen, 
oxygen, and water-vapor in every possible proportion cannot be pro- 
duced out of water alone, but can be produced out of hydrogen and 
oxygen. These systems are therefore properly regarded as consisting 
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of two components. As another example consider a gaseous phase 
containing HCl, O2, CI2, and H2O. By taking HCl and O2 as two 
components, the other two substances can be produced out of them 
by the reaction Oj+4HCl = 2Cl2+2H20, but only in equivalent 
proportions. To produce a system containing the four substances in 
any proportion whatsoever, it is necessary to make use of a third 
component, either CI2 or H2O. Thus, either by adding CI2 to a mixture 
containing O2 and HCl in any proportions and CI2 and H2O in equiva- 
lent proportions, or by removing CI2 from such a mixture, any composi- 
tion whatever can be secured. The systems are therefore said to 
consist of three components. It may be further noted that, though 
the number of components is fixed, there is a certain arbitrariness in 
their selection. Thus, although in this example O2; HCl, and CI2 
have been used as the components, any other three of the four sub- 
stances might be employed. It is, however, usual to select as com- 
ponents the simplest substances. 

Determination of Components, — 

Prob. II, — Specify the components which will produce phases 
containing the following chemical substances, assuming chemical 
equilibrium to be established between them. In answering this ques- 
tion, write chemical equations expressing all the equilibria that may 
be established between these substances, making sure that all the 
substances can be produced in any proportion from the specified compo- 
nents, and that all those components are necessary, a. Gaseous 
H,, O2, CO, CO,, HiO. h. Solution containing H,0, (H,0),, NaC1.2H,0, 
NaCl, Na"^, Cr. c. Solution containing HiO, NH4CN, NH/, CN", 
NH,, NH4OH, HCN. 

Proh. 12, — Specify the components of the systems that exist in the 
following groups of phases, assuming chemical equilibrium to be estab- 
lished between the substances named: a. Solid NH4CI, gaseous NELa and 
HCl. h. Solid CaCOt, solid CaO, gaseous CO,, c. Solid MgS04.7H,0, 
solid MgS04.6H,0, solution of Mg''"''S04" in water, water-vapor. 
d. Solid carbon; gaseous H,0, H,, CO, and CO,, e. Solid iron, solid 
FeO, gaseous CO and CO,. /. Solid iron, solid FeO, solid carbon, 
gaseous CO and CO,. 

*118. Derivation of the Phase Rule from tiie Perpetual-Motion 
Principle. — In order to determine fully the state of one-phase systems 
consisting of any number C of components (as defined in Art. 117), 
evidently the composition of the phase and in addition any external 
factors that determine its properties must be specified. The compo- 
sition of the phase is fully determined by specifying the mol-fractions 
of all but one of the components, that is, by specifying C — i quanti- 
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ties. The only external factors which commonly affect the properties 
of a phase of specified composition are temperature and pressure; but 
in special cases certain other factors, some of which are mentioned 
below, have an appreciable influence. Representing the niunber of 
such external determining factors by n, the variance or total number 
of the independent variables that must be specified is C— 1+«. 
In any system, therefore, in which the number of phases P is one, 
the sum of the number of phases and the variance V is equal to C +ii; 
that is, P+V=C+ii; or, for the common case where pressure and 
temperature are the only external determining factors, P+V=C + 2. 
For example, the state of one-phase systems consisting of three com- 
ponents (i, 2, 3) is fully determined by specifying four quantities, 
namely, the mol-fractions {xi and x^) of any two of the components 
and the pressure (/>) and temperature (7^; hence any specific property 
whatever of the S3rstem, such as its density d, can be expressed as some 
function of these four variables, such as (2=f («i, %, p, T). In the 
general case, where the niunber of components is C and the number of 
external factors is n, the function becomes 

rf=f (xi, ac2,. .acc-i, P, r, . .). 

The derivation of the phase-rule now consbts m showing that the 
equation P 4- V = C 4- «, which for one-phase systems is a result of the 
definitions of components and of external factors, still holds true 
whatever be the number of phases. In order that this may be so, 
it is evidently necessary only that each new phase btroduced mto the 
system shall diminish the variance by one; for then P+V will still 
have its former value C+n. That this is the case can be shown as 
follows. 

Consider that a system of C components (i, 2, 3,. .C) exists as a 
gaseous phase, and that a new liquid or solid phase is developed in it 
(for example, by varying the pressure or temperature). Now the 
partial pressures (^1, ^,. ./»c) of the separate components in the 
gaseous phase are, like any other property of the phase, functions 
only of the mol-fractions {x\, 0^2,. .«c-i) and of the external factors 
(^, r,. .). This conclusion may be expressed mathematically as 
follows: 

^i=fi(a:i, ac2,. .^-1, P, T",. .). 

p%—U{xi^ Xi,, .«c-i, pj T,. .)• 



Pc—ic{x\y Xiy. .Xc-i, pf T,, .). 
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When the new, liquid or solid, phase is present in equilibrium with 
the gaseous phase, the partial pressure of each component in the 
gaseous phase is determined by the mol-fractions {xi\ xi,. .x^ci) of 
the liquid or solid phase, by the temperature, and by any other external 
determining factor which has an appreciable influence; for, if a liquid 
or solid phase of such composition as to be in equilibrimn with the gase- 
ous phase could also be in equilibrium at the same temperature with 
some other gaseous phase with different partial pressures, perpetual 
motion of the kind described in Art. 44 could be realized. This con- 
clusion from the perpetual-motion principle that tlie partial pressures 
must be fully determined by the mol-fractions in the liquid phase and 
by the external factors may be expressed mathematically as follows: 

Pi—i\{x\y Xiy. .x'c-u P) ^f •)• 
Pt=it(xi, ap2',. .«'c-i, p9 T,. .). 



Pc^ic(xif xt',. .x'c-i, P) T,, .). 

By equating these two sets of expressions for pi, p2,. . ^c, the follow- 
ing functional relations between the mol-fractions in the gaseous 
phase and those in the liquid phase are obtained: 

ii(xi, Xt,. .«c-b py T,, .) = fi (xi, Xt,. .«'c-i, Py T,. .). 
Uixi, Xt,. .Xc-i, p, T,. .) = it {xi, Xt,. ■x'c-i, P, T,. .). 

fc(«l, Xt,. .Xc-i, P, T,. .) = fc (xi, Xt,. .«'c-i, p, T,. .). 

That is, the new phase gives us C new functional equations in which 

only C — I new variables (namely, xi, xj,. . x'c-i) are introduced. By 

combining these new equations with one another the new variables 

may evidently be eliminated, yielding a functional relation of the 

form: 

i\{^\, Xt,. .Xc-i, P, T,. .) =0. 

This is obviously a relation between the C—i+n variables which 
determme any property of the gaseous phase, m the way described in 
the first paragraph of this article. Hence the number of these vari- 
ables whose values can and must be specified to determine the proper- 
ties of the gaseous phase is one less than it was when that phase was 
alone present. And in a similar way this can be shown to be true also 
of the properties of the liquid or solid phase. In other words, the 
new phase diminishes the variance of the system by one, and the sum 
P+V retains the value C+*» which it had when the system consisted 
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of a single phase. And evidently, smce each additional phase formed 
within the system will similarly decrease the variance by one, the 
sum P + V will always have the same value C +». 

In the above derivation it was assumed that a gaseous phase was 
present in the system. It will be noted, however, that the partial 
pressures in the gaseous phase were employed only as a means of deriv- 
ing functional relations between the mol-fractions of the components 
in two different phases, and that the partial pressures disappeared 
in these relations. This indicates, and it can be rigorously shown, 
that functional relations between the mol-fractions of the same form 
as those given above hold true for any pair of phases; for example, 
for two liquid phases. It follows, therefore, that the phase rule is 
applicable to any kind of system whatever, in the form P+V=C+«. 

As has been stated, the value of n in the above derived expression 
of the phase rule is commonly 2; for the only external factors that 
ordinarily influence appreciably the state of the system are temper- 
ature and pressure. In some cases, however, other factors come into 
play. For example, this is sometimes true of intensity of illumination 
or of electric or magnetic field. Thus illumination of silver chloride 
increases its dissociation-pressure; and under certain conditions an 
electric discharge through an equilibrium mixture of nitric oxide, 
nitrogen, and oxygen increases the proportion of nitric oxide in the 
mixture. Another factor which makes the value of n greater than 2 
is introduced when different pressures are applied by means of semi- 
permeable walls to different phases of the system. Thus the pressure 
of the vapor in equilibrium with a liquid is progressively increased 
(as shown in Art. 51) when the liquid is subjected to an increasing 
pressure by means of a piston permeable for the vapor only. A 
common case of this kind is that where the atmosphere acts as such 
a piston, exerting a pressure on the liquid and solid phases of the 
system, but not on the components in the vapor phase. 



TWO-COMPONENT SYSTEMS 187 

IV. TWO-COMPONENT SYSTEMS 

119. Systems with Solid and Gaseous Phases. — The equilibrium 
of systems consisting of solid and gaseous phases at constant temper- 
ature has already been considered from the mass-action viewpoint in 
Art. no. Their equilibriimi in relation to temperature and pressure 
will now be considered from the phase-rule viewpoint. 

When a two-component system consists of three phases, the phase 
rule evidently shows that the specification of one of the determining 
factors (for example, the temperature) fixes the state of the system 
and therefore the values of the other factors (for example, of the pres- 
sure and of the composition of the liquid or the gaseous phase). The 
pressures at which the different groups of three phases exist in equi- 
librium at various temperatures can therefore be represented by lines on 
a diagram in which the pressture and temperature are the coordinates. 

Dissoctaiian-Pressure and its Rdaiion to Temperature. — 

Proh. J J. — Calcium carbonate dissociates at high temperatures into 
CaO and COs. a. Show from the phase rule that CaCOa can be heated 
in COi gas at a given pressure through a certain range of temperature 
without any decomposition taking place, b. Show also that there is one 
temperature, and only one, at which a mixture of CaCOa and CaO can 
be kept under COs at the given pressure without any change occurring. 

Prob. 14, — The dissodation-pressure of solid calcium carbonate 
is 10 180 320 580 760 1000 mm. 

at 600** 800** 840** 880'' 896** 910** 

a. Construct a pressure-temperature diagram for this two-component 
system, lettering the fields so as to show what phases coexist at different 
temperatures and pressures, b. State at what temperature the solid 
begins to dissociate when it is heated in air free from carbon dioxide. 
c. State at what temperature it would dissociate completely when 
heated in a covered crucible (so that there is equalization of the pressure, 
but no circulation of air into the crucible), d. In lime-burning state 
what temperature would have to be maintained in the kiln if there were 
no circulation of gases through it. e. State what temperature would 
have to be maintained if the coal used as fuel were bmned to carbon 
dioxide with the minimum quantity of air and the combustion-products 
were passed up through the kiln. 

Prob, 1$. — The dissociation pressure of silver oxide is o.i atm. at 116®, 
0.2 atm. at 132^, i.o atm. at 175^, and 2.0 atm. at 197^. a. If finely 
divided silver be heated in the air, what proportion of it will be finally 
converted into oxide when the temp>erature is 130^? when it is 140^? 
h. How could silver oxide be heated to 170^ without any decomposition? 

Prob. 16. — Describe a method by which pure oxygen can be prepared 
from the air with the aid of the reaction 3BaOs(s)»3BaO(s)+Ot(g). 
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Pfob. J/. — When a precipitate of hydrated manganese dioxide is ig- 
nited in the air it comes to a constant weight corresponding to the com- 
position MnOs when the temperature is 450^, and to another constant 
weight corresponding to the composition MnsO^ when the temperature 
is 500^; but when ignited in oxygen it changes to MnOs even at 500^. 
State what these facts show as to the dissodation-pressure of MnOs 
into MntOi, and that of MntOt into a lower oxide. 

Pfoh, 18. — A method has been suggested for the standardization of 
sulfuric add solutions which consists in adding an excess of ammonia 
solution, evaporating, drying the residue at 100^, and weighing it. 
In drying the salt some decomposition according to the reaction 
(NH4)iS04(s)=NH4HS04(s)-|-NH,(g) is likely to take place. How 
might the process be modified so as to hasten the drying and yet en- 
tirely prevent the decomposition? 

120. Systems witii Solid, Idqtiid, and Gaseous Phases. Pressure- 
Temperature Diagrams. — The two-component S3rstems that involve 
salt-hydrates are of espedal importance. The vapor-pressure rela- 
tions of these substances at different temperatures may be repre- 
sented by pressure-temperature diagrams, like that shown on the 
next page. This diagram has reference to S3rstems consisting of 
the two components disodium hydrogen phosphate (NaftHPOO and 
water (H^), for the case that the vapor-phase (V), which consists 
only of water-vapor, is always present. These two components form 
the following solid phases: ice (I), anhydrous salt (A)» dihydrate 
Na«HP04.2aO (AWj), heptahydrate Na«HP04.7BW) (AW7), and 
dodecahydrate NasHP04.i2l]^ (AWu); also a solution-phase (S) of 
variable composition, approaching as one limit pure water, whose 
vapor-pressure is represented by the uppermost curve in the diagram. 

The phase rule evidently requires that in systems of this kind, in 
addition to the vapor-phase, two solid phases, or one solid and one 
liquid phase, must be present in order that the pressure of the vapor 
may have a definite value at any definite temperature. 

Proh, ig. — Interpretation of the Vapor-Pressure-Temperaiure Dia- 
gram for Salt-Hydrates, — At 30** one formula-weight of NatHP04 
is placed in contact with a large volume of water-vapor at i mm., and 
the volume of the vapor is steadily diminished (so slowly that equi- 
librium is established) imtil finally there remains in contact with the 
vapor only the saturated solution (which contains the components in 
the ratio iNajHP04 : 33.2H1O). State, with the aid of the figure, the 
changes that take place in the pressure of the vapor and the accompany- 
ing changes that take place in the character of the other phases in 
contact with it, throughout the whole process. 
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Prob. 20. — Vapar-Pressure-ComposUion Diagram for SaU-By- 
drates. — a. Plot the pressure of the vapor (as ordinates) against the 
number of formula-weights of water absorbed by the salt as abscissas 
for the process described in Prob. 19 (up to the point where 15 formula- 
weights have been absorbed). Mark the lines on the plot so as to show 
what phases are present during each stage of the process, b. Make 
a simflar plot for the case that the process described in Prob. 19 takes 
place at 38^ (instead of at 30^). 

Prob. 21. — Experimental Determination of the Hydrates Formed by a 
Salt. — Describe an experimental method of determining what hydrates 
of copper sulfate exist at 25^. 

Prob. 22. — TransitiofhTemperature of Salt-Hydrates. — Describe 
with the aid of the figure what changes take place when a mixture of 
heptahydrate and dodecahydrate is heated from 30^ to 38^ in a sealed 
tube previously evacuated. 
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Proh, 23. — Conditions under which Salts are Efflorescent or Hygro- 
scopic. — At 30** moist air is in contact with solid Na«HP04.7HjO. 
Under what conditions of humidity, a, would the salt remain unchanged? 
bf would it lose water? c, would it absorb water? (By the humidity of a 
gas is meant the ratio of the pressure of the water-vapor in the gas to 
the vapor-pressure of water at the same temperature.) 

Prob. 24. — Drying of Hydrates without Decomposition. — a. State 
the conditions under which moist crystals of NasHP04.i2HiO could be 
completely dried at 30^ without danger of decomposition, b. Describe 
a method by which these conditions could be practically realized. 

Separation of Hydrates from Solutions. — 

Prob. 25. — State what solid phase separates on evaporating a dilute 
solution of Na«HP04, a, at 30®, 6, at 38®. 

Prob. 26. — The equilibrium-pressures for the reaction CaS04.2HfO 
(g3^um)=CaS04(anhydrite)H-2H»0(g) and the vapor-pressures of 
pure water at various temperatures are as follows: 

Temperature . . 50® 55® 60® 65® 

Gypsum ... 80 109 149 204 mm. 

Water .... 92 118 149 188 mm. 

The solubility of calcium sulfate is so small that the vapor-i$tessure of 
its saturated solution may be considered to be identicsd with that of 
water, a. State what happens on heating gypsum from 50° to 65^ in a 
sealed tube previously evacuated, b. State what solid phase separates 
when a solution of calcium sulfate is evaporated at 55°, and at 65**. 
c. State what solid phase would separate upon evaporating the solution 
at 55° if, when it became saturated, enough calcium chloride were added 
to reduce its vapor-pressure by 10%. Give the reasons in each case. 

Prob. 27, — Dehydration of Organic Liquids by Salts. — Determine 
the extent to which the mol-f>ercent of water in isoamyl alcohol can be 
reduced by shaking at 25° isoamyl alcohol saturated with water with a 
large excess of each of the following substances: a, NatHP04.i2HiO; 
6, NaiHP04.7H80; c, NaJIP04.2HiO; J, NajHP04. For the data refer 
to the diagrams of this article and of Piob. 47, Art. 47. 

.121. Systems wifh Solid and Liquid Phases. Temperature- 
Composition Diagrams. — In a two-component system the composi- 
tion of a solution which coexists with its vapor and a solid phase is 
evidently fully determined by specification of the temperature, the 
system being univariant. The relation between this composition 
and the temperature can therefore be represented by a diagram in 
which these factors are plotted as coordinates. 

It is evident that the equilibrium conditions of a two-component 
system can still be represented by a temperature-composition diagram 
when the specification that the vapor-phase is present is replaced by 
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the specification that the pressure has some definite value (greater 
than that at which the vapor can exist). Moreover, smce pressure 
has, as illustrated in Art. 115, only a small effect on equilibria in 
which solid and liquid phases are alone involved, the lines on the 
temperature-composition diagram have substantially the same posi- 
tion when the system is under a pressure of one atmosphere as they 
do when it is under the pressure of the vapor. And in practice com- 
position-temperature diagrams are ordinarily constructed from data 
determined under the atmospheric pressure. 

The form of the temperature-composition diagram varies greatly 
with the character of the solid phases which the components are 
capable of producing. The simplest type of such a diagram is that 
in which the two components A and B do not form any solid compound 
with each other, but separate from the solution in the pure state. 
This type is illustrated by the figure, which shows the complete dia- 
gram for S3rstems composed of acetic add (A) and benzene (B) at 
one atmosphere. 
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The freezing-point curve CD represents the composition of the 
solutions (S) which are in equilibrium with solid A, and the freezmg- 
point curve DF represents the composition of the solutions which are 
in equilibrium with solid B at different temperatures. The pomt D at 
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which the solution is in equilibrium with the two solid phases A and B 
is called the euUcHc point. When a solution in the condition corre- 
sponding to this point is cooled, it solidifies completely without change 
of composition or temperature to a mixture of the two solid phases A 
and B. This mixture is usually so fine-grained and intimate that it 
differs markedly in texture from ordinary mixtures of the same solid 
phases. It is called the euUciic mixture^ or simply the etdectic, 

Proh, 28. — Eutectics in Relation to the Phase Rule. — Show that the 
phase rule requires that a solution at the eutectic point solidify without 
change of temperature or composition when heat is withdrawn from it. 

Prob. 2Q. — Effect of Cooling a Solution Predicted from the Diagram. — 
A tube containing a solution of 75% of benzene and 25% of acetic 
acid at 10° is placed within an air jacket surrounded by a freezing mix- 
ture at— 20^, so that the system slowly loses heat, till its temperature 
falls to — 10®. Predict with the aid of the figure the values of the tem- 
perature and composition of the solution at which any phase appears or 
disappears. State also the character of the solid mixtiure finally 
obtained. 

Prob. JO. — Cooling Curves. — a. On a diagram having as ordinates 
the temperatures in degrees and as abscissas the time of cooling in 
arbitrary units draw curves representing in a general way the rate at 
which the temperature decreases when a solution of 75% of benzene 
and 25% acetic acid is cooled as described in Prob. 29, assuming, first, 
that the liquid overcools without the separation of any solid phase; and 
assuming, secondly, that the solid phases separate so that there is always 
equilibrium. Take into account the fact that on cooling a s)rstem 
there is always an evolution of heat whenever a new phase separates. 
b. Draw on the same diagram, at the right of these curves, a new cool- 
ing curve showing how the temperature changes when pure benzene is 
cooled from 10° to —10®. c. Draw a cooling curve also for the case 
that a solut'on of 64% of benzene and 36% of acetic add is cooled 
from 10** to —10®. 

The fields in the diagram also become of much significance, when the 
composition represented by the abscissas is understood to be that of the 
whole system — not merely that of the liquid phase. Thus, when the 
system consists of the substances in such a proportion (thus, 25% of B 
to 75% of A) and is at such a temperature (thus, 0°) that its condition 
is represented by a point n within the field CDG, the diagram shows 
that it consists of the two phases, solid A and solution S of the compo- 
sition (corresponding to the point p) at which these two phases are in 
equflibrium at the given temperature. Similarly, when the system 
has a composition and temperature corresi>onding to any point within 
the field GDJH, it consists of solid A and the eutectic mixture E^, 
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which always has the composition corresponding to the point D. It 
can readily be shown, moreover, that, when the state of the system is 
represented by the point n, the weight of the solid A is to the weight 
of the solution present as the length of the line joining n and ^ is to the 
length of the line joining m and n; and similarly, that at any point 
below r on the same ordinate with it the weight of pure A is to the 
weight of the eutectic mixture present as the length of the line rD is 
to that of the line Gr. 

Proh, 31, — Nature of the Solid Phases. — How do the two rectangular 
fields at the bottom of the figure differ with respect to, a, the phases 
present; 6, the texture of the mixture? 

Proh, 32. — Relative Weights of the Separate Phases, — Show that 
the relation stated in the last sentence of the preceding text is true. 

Proh, 33. — Eutectic Composition and Temperature in Relation to the 
Laws of Freezing-Point Lowering. — Lead (which melts at 327®) and 
silver (which melts at 960^) form a eutectic which melts at 304^. The 
heat absorbed by the fusion of one atomic weight of lead is 1340 cal. 
Calculate the composition of the eutectic, taking into account the facts 
that the first part of a freezing-point curve can be located with the aid 
of the laws of p>erfect solutions, and that the molecules of metallic 
elements in dilute metallic solutions are as a rule identical with their 
atoms. Compare the calculated composition of the eutectic with that 
(4.7 Ag to 95.3 Pb) derived from cooling curves. 

Prob. 34, — Metallurgical Process of Enriching Lead-Silver Alloys 
Resulting from the Reduction of Ores. — A technical process of enriching 
lead-silver aUoys has been based on the facts stated in Prob. 33. De- 
scribe how this process might be applied to a melt containing i at. wt. 
of silver and 99 at. wts. of lead, and state the extent to which the per- 
centage of silver could be thereby increased. 

The types of temperature-composition diagrams to be next con- 
sidered' are those for systems of which the components form one or 
more compounds which separate as solid phases. The simplest case, 
illustrated by Prob. 35, is that in which the solid compounds melt on 
heating. Another important case, illustrated by Prob. 36, is that in 
which a solid compoimd separates which, when heated, instead of 
melting, undergoes transition into another solid compound and a 
liquid phase. 

The diagrams for such systems may be constructed either from 
cooling curves or from the results of solubility and freezing-point 
measurements. The former method is used in the case of allo3rs and 
other high-melting systems (as in Prob. 35); the latter, in the case of 
S3rstems involving solutions at moderate temperatures (as in Prob. 36). 



194 



EQUILIBRIUM BETWEEN PHASES 



Prob. 35, — Construction of Temperature-Composition Diagrams from 
Cooling Curves, — The figure shows the cooling curves for a series of 
mixtures of magnesium and lead containing the atomic percentages of 
lead shown by the numbers at the tops of the curves. On a diagram 
whose coordinates are temperature and atomic percentages plot points 
representing the temperature at which the solidification of each mixture 
begins and ends. Draw in solid lines representing the freezing-point 
curves. Draw also dotted lines limiting the different fields (as was 
done in the benzene-acetic-acid diagram), and letter the fields so as to 
show of what the system consists in each field. 
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Construction of a Temperature-Composition Diagram for Salt Hydrates, 

Prob. j6. — Construct a temperature-composition diagram for the sys- 
tem composed of Na»HP04 and H2O by plotting the following values of 
the percentage (100 x) of Na2HP04 in the saturated solution as abscissas 
against the temperature (/) as ordinates. The solid phase which is in 
equilibrium with the solution (S) at a pressure of i atm. is indicated 
by the letters above the data. 
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Draw in on the diagram lines representing the equilibrium Gonditions, 
and mark each line with letters indicating the phases which coexist 
under the conditions represented by the line; and at each triple point 
designate the phases that coexist there, the temperature, and the 
composition of the solution. 

Pfob. J7. — As a means of determining what the fields in the dia- 
gram signify with respect to the phases present, proceed as follows. 
a. State the solid phases that separate, and the way in which the com- 
position of the residual solution changes, on cooling from 55° to —5^ at 
I atm. solutions containing 1% and 20% of NaiHP04. Draw in on the 
diagram lines boimding the fields within which the phases ice I and 
solution S coexist, within which AWm and solution coexist, and within 
which ice and AWu coexist; and letter the fields correspondingly. 
(Note that at any definite temf>erature the composition limits of any 
such field are the compositions of the two phases that are in equilibrium 
at that temperature, since these are the limiting compositions of mix- 
tures that can be made up of these two phases.) h. From a similar 
consideration deduce and state the results of cooling from 55^ to —5^ 
solutions containing 36% and 42% of NaiHPOi. Draw in on the 
diagram lines boimding the fields within which the phases AW7 and 
solution S coexist, and within which the phases AWm and AW7 coexist. 
(Note that, when the triple point is reached, the phase AWn separates, 
thereby tending to decrease further the percentage of NatHP04 in the 
solution; but, since the composition must remain constant so long as 
three phases are present, the phase AW7 re-dissolves; and this process 
continues as heat is withdrawn either till the phase AW7 is consumed 
or till the solution dries up.) c. Finally state the results of cooling 
from 55® to —5® a solution containing 46% of NaiHP04. Draw in on 
the diagram lines bounding the fields within which the phases AWt 
and solution S coexist, and within which the phases AW? and AWt 
coexist. 

Pfoh, 38. — Preparation of Different Hydrates by Evaporation at 
Different Temperatures. — Determine from the diagram within what 
limits of temperature a solution of Na2HP04 must be evaporated in 
order to obtain in the pure state, a, NaiHP04.i2HsO; 6, NatHP04.7HsO; 
c, NafHP04.2HiO. (The conditions under which such salt-hydrates 
can be dried without change in composition were considered in 
Ptob. 24). 

Conditions of UnstdUe Equilibrium. — 

Prob. 3Q. — o. By extending by dotted lines the appropriate curves on 
the diagram, determine the solubilities, in terms of the percentage of 
anhydrous salt in the solution, of AW7 at 45** and 50®, and of AW2 at 45® 
and 50®. b. Prove that in contact with ^e solution AW? is imstable 
at 50® with respect to AWs by showing with the aid of these solubility 
values what happens when AW? is placed in contact with a solution 
saturated at 50® with respect to AWt. c. Show that at 45® the more 
soluble hydrate is again the unstable one in contact with the stdution. 
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Proh. 40. — By extending the appropriate curves on the diagram 
predict, a, at what temperature salt would begin to separate on cooling 
a> 30% NaiHP04 solution in case the stable hydrate AWu separates, 
and in case the solution remains supersaturated with respect to this 
hydrate; b, at what temperature the hydrate AWu would melt if on 
heating its transition into AW? and solution did not take place. 

Prob. 41. — CorrekUion of Vapor-Pressure-Temperature and Temper- 
ature-ComposUion Diagrams, — With the aid of the diagram imder 
consideration and that of Art. 120 determine and tabulate for the 
temperatures 20, 25, 30, 35.5 and 40® the vapor-pressures and per- 
centage compositions of the saturated solutions and the nature of the 
solid phases with respect to which the solutions are saturated. (Note 
that the effect of pressure on the solubility is here neglected.) 

Brief consideration may also be given to systems involving two 
liquid phases as well as solid phases. Such systems are occasionally 
met with among alloys, and frequently among non-metallic substances, 
such as bromine and water, or isoamyl alcohol and water, which are 
partially miscible with each other. Their relations are illustrated by 
the accompanying diagram for the two components lead and zinc. 
In this diagram the curves CD and DE represent the compositions, 
expressed in atomic percentages, of the two liquid phases in equi- 
librium with each other, and the curve BC represents the composition 
of solutions in equilibrium with zinc. 
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Prob, 42. — ItUerpretaHan of Diagrams far Systems with Solid Phases 
and Two Liquid Phases. — a. With the aid of the diagram state 
all that would happen on cooling from 1000° to 300^ alloys containing 
40 and 90 atomic percents of zinc, b. State all that would happen 
on gradually adding zinc to molten lead at 350^, at 700^, and at 1000^. 
c. Specify the phases in which the system exists when its composition 
and temperature are represented by any point within each of the fields, 
ABF, FBJH, CDE, BCEG, and BGKJ. 

122. Systems with Liquid and Gaseous Phases. — Systems of two 
components having a gaseous phase and a liquid phase in which the 
components are misdble in all proportions have already been con- 
sidered in Arts. 42 and 43. The boiling-point-composition diagrams 
of Art. 43, which are temperature-composition diagrams at one atmos- 
phere, are further considered in Prob. 43 with reference to the signifi- 
cance of the fields. 

The vapor-pressure relations of systems whose components have only 
limited misdbiUty in the liquid state were briefly considered in Art. 47. 

Prob, 43, — Temperature-Composition Diagrams. — Reproduce in the 
form of separate sketches the three diagrams in the figure of Art. 43, 
and letter each of the fields so as to show the phases in which the S3rstem 
exists when its temperature and composition are represented by any 
point within the field. 

123. Systems Involving Solid Solutions. — The components some* 
times separate from a liquid solution in the form of solid solutions, 
instead of in the form of the pure solid substances or of solid com- 
pounds of them. By solid solutions are meant physically homogeneous 
solid mixtures of two or more substances, that is, solid mixtures which 
contain no larger aggregates than the molecules of the substances. 

In their equilibrium relations solid solutions closely resemble liquid 
solutions; differing from them mainly in the respect that the equi- 
librium conditions are less readily established, owing to the restricted 
molecular motion characteristic of the solid state. It is often true 
in solid systems that equilibrium is not established and that the solid 
phases fail to attain the uniform composition corresponding to equilib- 
rium, unless the systems are kept for a time at a high temperature or at 
a temperature not far below the melting-point, where the molecules 
still retain sufi&dent mobility. The purpose of the process of temper- 
ing or annealing solid substances is to allow time for the establishment 
of equilibrium at temperatures so high that it may be rapidly attained. 

In solid solutions in which equilibriiun is really attained, each 
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component lowers, as in liquid solutions, the vapor-pressure, solution- 
tendency, and mass-action or activity of the other component. As a 
result of these effects the freezing-point of a substance may be either 
raised or lowered by the addition of another substance, according as 
the solid solution which separates is more or less concentrated than 
the liquid solution, as is shown by the following problem. 

Prob. 44, — Raising of Freezing-Poini by Solutes, — The addition 
of benzene to thiophene raises the freezing-point of the thiophene, owing 
to the formation of solid solutions, a. Show how this can be accounted 
for by sketching a diagram, similar to that of Art. 48, representing the 
vapor-pressures of pure thiophene in the liquid and solid states and of a 
liquid solution of benzene in thiophene, and draw in on the sketch a line 
showing the vapor-pressure of thiophene at various temperatures in a 
solid solution of benzene and thiophene of the composition of that which 
separates from the liquid solution. 6. Show that the mol-fraction of 
benzene must be greater in the solid solution than in the liquid solution 
in order that the freezing-point may be raised, provided Raoult's law 
holds for the solid solution as usually seems to be approximately true 
when the proportion of solute is small. 

The two components are sometimes soluble in each other in the 
solid state in all proportions, forming a complete series of solid solu- 
tions. In most cases, however, each component has only a limited 
solubility in the other solid; so that two series of solid solutions result, 
each covering only a limited range of composition. 

The temperature-composition diagrams representing the equi- 
libriimi conditions between solid solutions and liquid solutions corre- 
spond completely with those for liquid solutions and their vapors, 
since in both cases there are involved two phases of variable composi- 
tion. Thus systems in which there are solid solutions containing the 
components in all proportions may have diagrams of any of the three 
types represented in the figure of Art. 43; two of which are illustrated 
by Probs. 45 and 46. Systems in which the components have cmly 
partial miscibility in the solid state are illustrated by Prob. 47, the 
diagram of which represents also certain other effects which have been 
already considered. 

Alloys with Complete Series of Solid Solutions, — 
Prob. 45, — The cooling curves show that on cooling molten mixtures 
of nickel and copper solidification begins and becomes complete at the 
following temperatures, a solid solution separating in each case: 
Percentage of nickel o 10 40 70 100 

Solidification begins 1083** 1140** 1270® I37S** 1452** 
Solidification ends 1083® iioo** 1185® 1310** 1452® 
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a. Draw on a composition-temperature diagram two continuous curves 
corresponding to these data. Letter each field so as to show of what the 
system consists at any point. 6. State what happens on slowly cool- 
^% ^ 50% mixture from 1400^ to 1200^, giving the compositions of 
the hquid and solid solutions in equilibrium with each other at the 
temperatures at which solidification begins and ends, and at 1275^. 
(Note that the compositions of the liquid and solid solutions at any 
temperature are given by the points corresponding to that temf>erature 
on Uie upper and lower curves, since at any temperature the composi- 
tion of the hquid phase is identical with that of a system from which 
at that temf>erature solid just begins to separate, and the composition 
of the solid phase is identiad with that of a system which at that tem- 
perature just completely solidifies.) 

Proh. 46, — Gold and copper form a complete series of solid solutions. 
The mixture containing 60 atomic percent gold has a constant melting- 
point of 880**. Gold melts at 1063®, and copper at 1083**. Sketch 
the temperature-composition diagram. 

Prob, 47. — Alloys Farming Compounds and Limited Series of Solid 
Solutions, — In the figure, constituting the diagram for silver-magne- 
sium alloys, in which the composition is expressed in atomic f>ercentages, 
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the curves KD, DL, and MF represent the composition of solid solu- 
tions in equilibrium with the liquid solutions whose composition is 
represented by the curves CD, DE, and EF, respectively, a. State 
what equiUbria are represented by the curves AB and BC. 6. State 
what compounds are indicated by the diagram, c-h. State what 
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happens on cooling slowly till complete solidification results a liquid 
mixture containing the following atomic percentages of silver: c, 90; 
^t 70; ^> 55; fy 50; &i 25; A, 20. i. Specify the phases in which the 
S3rstem exists when its composition and temperature are represented 
by any point in each of the fields CKD, DL£, £MF, QKDLR, RLMT. 
and BCJH. 
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V. THREE-COMPONENT SYSTEMS 

134. Systems with Liquid and Solid Phases. Temperature-Com- 
poation Diagrams. — In systems of three components existing in one 
solid phase and one liquid phase the composition is not determined by 
specification of the pressure and temperature, but becomes definite 
when the percentage or mol-fraction of one of the components is also 
specified. With such systems there must therefore be employed 
diagrams which show how the percentages or mol-fractions of the 
three components are related to one another. The most common 
form of diagram, one which has the advantage of treating the three 
components symmetrically, is an equilateral triangle, along the three 



PereetitSn 
ddes of which are plotted the atomic percentages or mol-fractions of lie 
three components, as in the above figure. In such a diagram the 
vertices then represent the pure components, points on the sides 
represent mixtures of each pair of components, and points within the 
triangle represent mixtures of all three components. Thus the appei 
vertex would represent pure cadmium ; the point H, a mixture consist- 
ing of 43% of Cd and 58% of Sn; and the point G, a mixture conusting 
of 22% of Cd, 57% ol Sn, and 21% of Pb. 
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At any one temperature the various compositions of the liquid 
phase with which any definite solid phase is in equilibrium are repre- 
sented on such a diagram by a line. Thus the lines HJ, JK, and LM 
represent at 190° the compositions of the liquid with which solid 
cadmium, solid lead and solid tin, respectively, are in equilibrium. 
The point J then evidently represents the composition of the liquid 
with which the two solid phases Cd and Pb are in equilibrium at 190**. 
Similar lines can be drawn corresponding to various other temper- 
atures, thus giving a series of isotherms representing the effect of 
temperature on the equilibrium of the phases. The dotted line FG 
evidently shows the variation with the temperature of the composition 
of the liquid phase in equilibrium with the two solid phases Cd and 
Pb; the line DG shows the same thing for the two solid phases Cd 
and Sn; and the line EG for the two solid phases Sn and Pb. And 
the point G shows the only temperature and liquid composition at 
which the three solid phases Cd, Pb, and Sn coexist in equilibriiun 
with the liquid phase. The mixture of three solid phases separating 
at this point is called the ternary etUecHCj and the point itself the 
ternary etUeciic point. 

A more complete representation of the effect of temperatiu-e is 
secured by plotting temperatures along an axis perpendicular to the 
plane of the composition triangle. A model in the form of a triangular 
prism thus results, whose horizontal sections are the isotherms repre- 
sented in a plane triangular diagram, like that in the figure. 

Proh. 48, — Behavior oj a Liquid Ternary Alloy on Cooling Predicted 
from its Temperature-Composition Diagram. — A completely liquid 
mixture of 50 Cd, 30 Sn, and 20 Pb is cooled till it wholly solidifies. 
a. State the temperature at which solidification begins and the nature 
of the solid phase which then separates, b. State the direction on the 
diagram which on further cooling the changing composition of the 
liquid phase follows. (Note that the separation of the solid phase does 
not change the ratio of the atomic quantities of the other two com- 
ponents in the liqtud phase.) c. State the temperature at which a 
second solid phase begins to separate, the composition of the liquid 
phase, and the nature of the solid phase, d. Describe what happens 
on further cooling, e. Describe the texture of the solid alloy. 

126. Systems with Gaseous, Liquid, and Solid Phases in Relation 
to the Phase Rule and Mass-Action Law. — Three-component systems 
existing in gaseous, liquid, and solid phases will be here considered 
only with reference to the phase rule, and incidentally to the mass- 
action law in order to show the relations between these two principles. 
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ApplicaHons of the Phase Ride and Mass-Action Law. — 

Prob. 4g. — a. Show by the equilibrium laws applicable to dilute 
solutions how the solubility of CaCOs in water saturated with CO2 
gas at a given temperature is quantitatively related to the pressure of 
the COs gas, considering that the salt in the solution is substantially 
all Ca"*~*"(HCOi~)j. b. Show that the phase rule requires that the 
solubility of CaCOi in water saturated with COs gas is definitely deter- 
mined when the pressure and temperature are specified. 

Prob, 50. — Silver chloride forms with ammonia two solid compoimds 
AgCLiiNHs and AgC1.3NH), which exist in contact with aqueous 
solutions. Determine by the phase rule the variance of systems in 
which the following phases are present, and illustrate what this variance 
signifies by specifying in each case factors that would determine the 
state of the system: a, solid AgCl, aqueous NHs solution, vapor; 
6, solid AgCl, solid AgCLiiNHi, solution, vapor; c, solid AgCl, solid 
AgCl.iiNHs, solid AgCl.sNHs, solution, vapor, d. At 25** ammonia 
vapor is in equilibrium with the solids AgCl and AgCLiiNH) at 10 nun. 
and with the solids AgCLi^NHi and AgCl.sNH) at 105 mm. State 
under what conditions each of these two pairs of solid phases would 
exist in equilibrium with an aqueous solution, e. With the aid of the 
data of Prob. 23, Art. 39, determine the concentration of free NHa in 
the aqueous solution at which AgCl is converted into AgCl.iiNHi at 
25**. /. Assiuning that the AgCl in the solution is substantially all in 
the form of completely ionized Ag(NHi)i+ Cl~, derive from the equi- 
librium laws of dilute solutions a relation between the solubility s of 
AgCl and the partial pressure p of NHs in the vapor, first, when the 
solid phase is AgCl, and secondly, when it is AgCl.i^NHs. 

The preceding problems illustrate the characteristic differences 
between the conclusions to be drawn from the phase rule and from the 
mass-action law. The phase rule is qualitative, its application pre- 
supposes no special knowledge beyond that of the number of compo- 
nents and phases, and it is applicable without any limitation of con- 
centration. The mass-action law is quantitative, its application 
presupposes knowledge of the. molecular species present, and, if nu- 
merical values are to be computed, also of their dissociation-con- 
stants; and it is applicable in exact form only to solutions or gases 
at small concentrations. 
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I. THE FUNDAMENTAL PRINCIPLES OF THERMOCHEMISTRY 

126. The First Law of Thennodynamics. — The branch of chemistry 
dealing with the heat-effects and changes in energy-content attending 
chemical changes is called thermochemistry. The first section of this 
chapter is devoted to a consideration of the fimdamental principles 
underl3dng the subject and of the methods of determining and express- 
ing thermochemical quantities. In the second section of the chapter 
are presented some of the more important generalizations derived 
from the results of thermochemical measurements. 

The general principles relating to energy which form the basis of 
thermochemistry have already *>een considered in Arts. 23 to 25. 
It will suffice to recall here the following fundamental laws derived 
from the law of the conservation of energy: 

(i) The energy-content U oi a, system js fully determined by the 
state of the system; and correspondingly, the change in the energy- 
content of a system attending any change in its state is determined 
solely by the initial and final states of the system irrespective of the 
process by which the change in state takes place. 

(2) The decrease I/i— U2 in the energy-content of a system attend- 
ing any change in its state is equal to the sum of the quantities of heat 
Q and work W produced in the surroundings. 

These principles constitute the first law of thermodynamics. They 
are expressed by the following equation known as thefirst4aw equation: 

It will be noted that, though the change in energy-content is definite 
for a specified change in state, the relative quantities of heat and work 
produced may vary with the process by which the change in state is 
brought about. The change in energy-content is therefore the more 
fundamental quantity. 

The law of initial and final states is constantly employed in thermo- 
chemistry to calculate the heat-effects attending chemical changes 
that do not take place under conditions which make possible exact 
calorimetric measurements. This is illustrated by Prob. i below and 

more fully by the problems of Art. 130. 
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Prob. J, — CalculaHon of Heat of Reactions with Aid of the Law of 
Initial and Pinal States. — When at 20** 12 g. of graphite are burned 
with oxygen to form COs at 20** within a dosed vessel so that no work 
is produced, 94,200 cal. are evolved; and when 28 g. of CO are so burned 
with oxygen, 68,000 cal. are evolved. Show by the law of initial and 
final states how the heat evolved by the burning of Z2 g. of graphite to 
CO at 20** within a dosed vessel can be calculated. 

The relations between ^lergy-content, heat, and work were illus- 
trated in Prob. 38, Art. 23, by applying them to the phenomenon of 
vaporization. They are applied to a chemical change in Prob. 5, 
Art. 128. 

127. Heat-Eif acts Attending Isothermal Changes in State. — The 

heat-effect attending a change in the state of a S3rstem at a constant 
temperature is (ordinarily experimentally determined by a combination 
of the following processes. The change in state is first caused to take 
place within a calorimeter (as nearly as possible) adiabatically; and 
the change in temperature of the calorimeter is exactly measured. 
The quantity of heat which must be imparted to or withdrawn from 
the calorimeter and its contents to restore them to the initial temper- 
ature is then accurately determined, either by direct measurement 
or by calculation from the known heat-capadties of the substances 
present. This quantity of heat is evidently equal to the heat-effect 
that would attend the change in state if it took place isothermally at 
the initial temperature. This method is illustrated in prindple by 
the following problem. 

Prob, 2. — Ex^imental Determination of the Heat-EJJects Attending 
Isothermal Changes in State, — Into a calorimeter containing 5o£UO 
at 2c.oo^ iKCl at 20.00^ is introduced, and the temperature falls to 
V z5.11**. a. What change in state takes place in this process, considering 

the calorimeter to be a part of the sjrstem; and what is the heat-effect, 
assuming that any loss of heat by radiation has been corrected for? 
fr. What change in state takes place when iKCl is dissolved in soHsO at 
20^ and the resulting solution is brought to 20"*? c. In order to cal- 
culate the heat-effect attending this change in state, what other 
diange in state must be combined with that occurring in the cal- 
orimeter? d. Calculate the valjie of this heat-effect with the aid of 
such of the following data as may be needed: the heat-capadty of the 
calorimeter is 19 cal. per degree; the specific heat-capadty of solid 
potassium chloride is 0.166, of water is 1.00, and that of the solution of 
iKCl in 50 Hs04S 0.904 cal. per degree. 

Changes in state at constant temperature may take place without 
change of volume or without change of pressure. The different heat- 
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effects attending these two different changes in state are known as the 
he(U-^ffedai constant volufneQw^nd the heal-^ffectat constant pressure Qp, 

The heat-effect at constant pressure is the one which is usually 
called the heat of reaction, and the one which is commonly recorded 
in tables of constants. There is difference of usage regarding the 
algebraic sign of the heat of reaction: when heat is actually evolved 
by the reaction, the heat of reaction is usually taken positive in thermo- 
chemical considerations, but negative in thermodynamic considera- 
tions. In this book a uniform convention, corresponding to the 
thermochemical one, is employed throughout; heat-^ ects being 
always con^^^**^*^ posft?iYfi-3^ n heat is evolved, as in the combustion 
of hydrogen and oxygen, and negative when it is absorbed from the 
surroundings, as in the vaporization of water. 

The law that the energy-content of a perfect gas at a definite tem- 
perature is independent of its pressure (Art. 26) leads to the conclusion 
that in the case of reactions involving perfect gases the heat-effect 
Qt at constant volume is greater than the heat-effect Qp at constant 
pressure by an amount equal to the work produced when the reaction 
takes place at constant pressure. This work can readily be shown 
to be equal to {Nt'-Ni)RTf where Nt denotes the number of mols 
of gaseous tubstances present in the final state, and Ni the number in 
the initial state. Tbatis^Q^^Qp+iNi-NORT. The derivation and 
application of this principle are illustrated by the following problems. 

Prob. J. — Relation between the Heats of Reaction of Gaseous Substances 
at Constant Pressure and Constant Volume. — Show that RT is the 
difference between the quantities of heat evolved when at T two mols of 
CO and one mol of Os at i atm. unite to form COs in one case at constant 
pressure (for example, in an open calorimeter) ; and in another case at 
constant volume (for example, in a bomb calorimeter). Note that the 
change of state which results when the reaction takes place at a constant 
pressure of i atm. could also be brought about by a process consisting 
of two steps, namely, by causing the mixtiue of CO and O? at i atm. to 
change at constant volume to COt (whereby the pressure would become 
-| atm.), and then compressing it till its pressure becomes i atm. 

Prob. 4. — Heats of Combustion at Constant Pressure and Constant 
Vdume. — When i formula-weight of solid naphthalene (CioHt) is 
burnt with oxygen at 20° in a bomb calorimeter 123,460 cal. are evolved. 
Calculate its heat of combustion at constant pressure. 

128. Change in Energy-Content and in Heat-Content — The 
decrease in the energy-content attending any change in the state of a 
system is found simply by adding together the heat evolved and the 
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work produced in any process by which that diange is brought 
about. 

When the change in state takes place at constant volume, no work 
is involved, and therefore the heat Q9 imparted to the surroundings 
is equal to the decrease t/j— £^2 in the energy-content of the sjrstem. 
When, on the other hand, the change takes place at constant pressure, 
there is not only a quantity of heat Qp imparted to the surroundings, 
but also a quantity of work produced in them equal to pivi—vi), as 
shown in Art. 24. The decrease J7i— 1/2 in the energy-content of the 
system is then equal to Qp + #(%— »i). 

Instead of determining and recording the values of Ui—U% for 
various changes of state, it is generally more convenient to employ 
the values of the quantity (i/i+^iVi) — {VrVPiV^). The quantity 
U+pVy like the quantity 27, is a property of the system which always 
has a definite value when the system is in a definite state, and which 
always changes in value by a definite amount when the system changes 
from bne state to another, whatever be the process by which the 
change in state is brought about; for it is evident that the pressure p 
and the volume v, as well as the energy-content U^ have values which 
are determined by the state of the system. In other words, a law of 
initial and final states applies to the change in the quantity U+pv, 
just as it does to the change in the quantity U. For brevity, this 
quantity U+pv will be represented by a smgle letter jff, and will be 
called the keat^contetU of the system; it being understood that this 
term is a purely conventional one which does not imply that the 
energy quantity denoted by it is a heat quantity, any more than the 
term energy-content implies it. 

The relation between the decrease in heat-content and the decrease 
in energy-content attending any change in state is evidently expressed 
by the equation: 

Hi-H% = 1/1-1/2 + piVi''p2Vi. 

Or writing, as will be done throughout the remainder of this book, 
— AH, — AC/, — A{pv), — ANy etc., for the decrease in the value of any 
quantity attending any change in state, that is, for the diflFerence 
between its value in the initial state (denoted by subscript i) and its 
value in the final state (denoted by subscript 2), this equation may be 
written in the form 

-Aff = - AU-A{pv). 
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Substituting for —LU the expression for it given by the first-law 
equation, there results 

-^H^Q + w-^{pv): 

For a change in state for which the initial pressure P\ and the final 
pressure Pt have the same value p the decrease in heat-content is 
equal to the heat evolved when the change takes place at the constant 
pressure p; for the work W produced in this process is piv^—vi) and 
hence equal to A(^). That is, —AH^Qp^ where Qp is the heat of 
reaction at constant pressure. 

The fact that the decrease of heat-content is equal to the commonly 
considered heat of reaction at constant pressure is one of the impor- 
tant reasons for employing the heat-content, instead of the energy- 
content, in thermochemical and thermod3aiamic considerations. 
Another advantage in using heat-content is that it makes it unneces- 
sary to evaluate the change in volume attending the change in state. 
The employment of heat-content is preferable also because it is related 
more closely than the energy-content to the concept of free energy 
considered in the next chapter, and because many of the thermo- 
dynamic relations assume a simpler form when heat-content and free 
energy arc employed. 

The relations between energy-content or heat-content and the 
quantities of heat and work produced are illustrated by the following 
problem. 

Prob. 5. — CaktdaHon of Changes in HecU-Content and Energy-C&nteni 
from the Heat and Work Produced. — a. When the reaction 2CO-I-O1 
«2COs takes pladf without change of temperature or pressure in a 
system consisting of 2 mols of CO and i mol of Oi at 20^ and i atm., 
136,000 cal. are evolved. What is the decrease in the heat-content, 
and what is the decrease in the energy-content, of the system? 
b. When the reaction takes place in the same mixture without change 
of temperature or voliune 1 3 5 ,4 20 cal. are evolved. What is the decrease 
in the heat-content, and what is the decrease in the energy-content in 
this case? c. In what respect does the final state of the system in a 
differ from that in 6, and what principle previously considered accounts 
for the fact that the changes in energy-content or in heat-content are 
equal in the two cases. 

129. Expression of Changes in Heat-Content by Thermochemical 
Equations. — In order to express the changes in heat-content that 
attend changes in state, especially those involving chemical reactions, 
at any constant temperature and pressure, equations are conveniently 
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employed in which the heat-contents of the various substances involved 
are represented by their chemical formulas, and in which the change in 
heat-content is shown by placing a numerical term on the right-hand 
side of the equation. For example, the expression 

Feii08(s)+3CO(g) = 2Fe(s)+3C02(g)+9ooo cal. (at 20^) 

signifies that at 20^ and i atm. (this pressure being understood imless 
some other pressure is stated) the heat-content of one formula-weight 
of solid ferric oxide plus that of three formula-weights of gaseous carbon 
monoxide is equal to the heat-content of two formula-weights of solid 
iron plus that of three formula-weights of gaseous carbon dioxide plus 
9000 cal. ; 9000 cal. being the decrease ( — A ff ) in the heat-content of the 
system, which is equal to the heat evolved by the system when the 
reaction takes place at a constant temperature and pressiu-e. Such 
expressions are called thermochemical equaiianSf or specifically, heal- 
content equations. 

As indicated in the preceding equation, the states of aggregation of 
substances are shown by afiixing to the formulas letters within paren- 
theses, as stated in Art. 109. The fact that a substance is dissolved 
in X formula-weights of water is shown by attaching the symbol xAq 
to the formula of the substance. Thus the equation 

KCl(s)-t-iooAq = KCl.iooAq— 4400 cal. (at 20®) 

signifies that when at 20^ one formula-weight of solid potassiimi 
chloride is dissolved in 100 formula-weights of water there is an in- 
aease of 4400 cal. in the heat-content of the S3rstem, corresponding 
to an absorption of 4400 cal. from the surroundings. When the sub- 
stance is dissolved in so large a quantity of water that the addition 
of^iiore water produces no appreciable heat-effect, the sjonbol 00 Aq 
may be attached to the formula of the substance. 

These thermochemical equations can be treated strictly as algebraic 
equations, and can be combined with one another by addition or 
subtraction; for every quantity in them has a definite value (namely, 
that of the heat-content of the substance represented by the formula), 
irrespective of the other quantities that occur with it in the equations. 

Expression of Heat Data and CalculaHon of Heats of Reactions by 
Tkertnochemical Equations, — 

\JProb. 6. — The union at 20** and i atm. of i g. of aluminum with 
oxygen is attended by a heat-evolution of 7010 cal. ; and the union of i g. 
of graphite with oxygen to form carbon monoxide is attended by a heat- 
evolution of 2160 cal. Express these data in the form of thermo- 
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chemical equations; and calculate from them the heat of the reaction 
AWX(s) -f 3C(s) - 2Al(s)H-3CO(g) at 20**. 

Proh. 7, — a. Express the fonowing data in the form of thermochemi- 
cal equations, employing the conventions described in the preceding text. 
The heat of formation of i 4no\ of gaseoxis HCl from the elementary 
substances is 22,000 cal. Its heat of solution in 100 formula-weights of 
water is 17,200 caL The heat of the reaction between, i mol of gaseous 
chlorine and a solution of 2 formula-weights >of HI in 200 formula- 
weights of water, forming solid iodine and a dilute HCl solution is 
52,400 cal. The heat of solution of i mol of gaseous HI in 100 formula- 
weights of water is 19,200 cal. h. By combining these equations 
calculate the heat of formation of i mol of gaseous HI from gaseous 
hydrogen and solid iodine. 

Although it is true that only changes in heat-content can be deter- 
mined, yet it is convenient to employ an arbitrary scale of heat-content 
which has as its zero-points the heat-contents of the various elementary 
substances at the temperature under consideration, at a pressure of one 
atmosphere, and in the form which is most stable at this temperature 
and pressure. Under this convention the heat-content (H) of any 
compound substance is evidently equal to the increase in heat-content 
(AjS) which attends its formation out of the elementary substances; 
and in any thermochemlcal equation the formula of a substance may 
evidently be replaced by the numerical value of its heat of formation 
with opposite sign. For example, the heat-content at 30^ of one 
formula-wei^t of gaseous hydrogen bromide, or the numerical value 
of the formula iHBr(g) is —8500 cal.; for 8500 cal. is the heat evolved 
when it is formed out of gaseous hydrogen and liquid bromine at 20 "^ 
and I atmosphere. Similarly the heat-content of a potassium chloride 
solution represented by the formula KCl.iooAq is — 101,200 cal.; f .r 
101,200 cal. is the sum of the heat (105,600 cal.) evolved when one 
formula-weight of solid KCl is formed out of solid potassium and 
gaseous chlorine at 20^ and of the heat ( — 4400 cal.) evolved when it is 
dissolved in 100 formula-weights of water at 20''. The heat of for- 
mation of this solution is expressed by the equation 

K.(s)+iCli(g)+ looAq =KCl.iooAq+ 101,200 cal. 

This example shows that in thermochemlcal equations the symbol 
xAq (not attached to another formula) has, like the formulas of 
elementary substances, the value zero; for the water represented by it 
has not been formed out of its elements. Water which has been so 
formed is represented by the formula acH^O. 
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It is evident that the employment of heats of formation greatly 
simplifies the task of determining and systematizing thermochemical 
data; for, instead of measuring and recording the change in heat- 
content attending every chemical reaction, it suffices to do this for the 
formation of every compound out of the corresponding elementary 
substances. The numerical values of the heats of formation so 
determined, which will be foimd recorded in tables of physical and 
chemical constants, like those of Landolt-Bomstein, may then be 
substituted in any thermochemical equation, and the change in heat- 
content attending the corresponding reaction may thus be calculated. 
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Calculation of Heat of Reaction from Heats of Fonndion. — 
Calculate the heat-effect that attends at 20^ the chemical reaction 
PbS(s)-f2PbO(s) =3Pb(s)+S08(g) from the following heats of forma- 
tion at 20**: PbO(s), 50,300 cal.; PbS(s), 19,300 cal.; SOi(g), 70,200 cal. 

130. Indirect Determination of the Heat-Eifects of Chemical 
Changes. — On accoimt of radiation errors the heat-eSect can be 
directly determined by calorimetric measurements only for those 
chemical changes which take place completely within a few minutes, 
and for such changes only when the temperature is not greatly different 
from the room temperature. It is, however, possible to calculate the 
heat-effects of many other changes at or near the room temperature 
from those which have been directly measured, by applying the law 
of initial and final states. This has already been exemplified in the 
preceding articles, and it is more fully illustrated by the following 
problems. The indirect method conunonly employed for determining 
heat-effects at temperatures much higher or lower than the room 
temperature is described in the next article. 

Derivation of Heats of Formation. — 

'4^rob. g. — At 20** the heat of combustion of one mol of acetylene 
(CsHs) is 313,000 cal. Calculate its heat of formation. The heat of 
formation of iHsO(I) is 68,400 cal., and that of iCOs(g) from graphite 
and oxygen is 94,200 cal. 

Proh, 10. — a. State just what heats of formation are denoted by the 
second and third terms in the following equation: 

Zn(s)+2HClooAq=ZnCljooAq-f-H,(g) -1-34,200 cal. (at 20''). 
6. Write the complete thermochemical equations which express these 
heats of formation, taking into account the facts that the heat of forma- 
tion of I mol of gaseous HCl is 22,000 cal. and that its heat of solution 
in a large quantity of water is 17,300 cal. 

Prob. II. — Calculate the heat of formation of iZn(OH)t(s) from the 
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foDowing equation and from the other necessary data, which have been 
given in preceding problems: 

Zn(OH)i(s) -f aHClooAq =ZnCltooAq-f2HiO+ 19,900 cal. 
Prob, 12. -— Calculate the heat of formation at 20® of iHjSOiO) from 
the following data at 20^ and those given in preceding problems. The 
heat of solution in a large quantity of water of iSOs(g) is 8000 cal., and 
that of iHsS04 is 18,000 cal. One mol of gaseous CU acting on a dilute 
solution of I mol of SOs with formation of a dilute solution of HCl and 
HtSOi produces a heat-evolution of 73,900 cal. (Note that when x 
formula-weights of HsO are involved in the chemical reaction the 
symbol xH^ must appear in the thermochemical equation, even though 
00 Aq may also occur in it.) Ans, 192,300 cal. 

Indirect DetermincUion of Heats of Reaction. — 

Prob. 13. — A direct determination of the heat-effect of the reaction 
CHiCH,OHooAq+0,(g)=CH,COJH[ooAq+HiO is not practicable. 
State what measurements could be made ¥^dh would enable this heat- 
effect to be calculated; and show how it woidd be calculated from the 
results of such measurements. 

Prob. 14. — Suggest a seties of chemical reactions from whose heat- 
effects, which must be readily determinable in a calorimeter, the heat 
of formation of iNaaCOs.ioH20(s) at 20** could be calculated. Write 
the thermochemical equations, and indicate how they would be com- 
bined to yield the desired result. 

131. Influence of Temperature on the Heat-Effects Attending 
Chemical Changes. — The heat-effect at constant pressure of a 
chemical change taking place at any temperature can be derived from 
the heat-effect at constant pressure at any other temperature by the 
following consideration of two different processes resulting in the same 
change in state. In one process cause the chemical change (for 
example, the union of i mol of CO with i mol of Ck) to take place at 
pressure p and temperature Ti, and heat the products (the carbon 
dioxide) imder the pressure p to the other temperature T^; and, in the 
second process, heat the reacting substances (the carbon monoxide 
and oxygen) imder the pressure p from Ti to Ta, and cause them to 
combine (forming carbon dioxide) at the pressure p and the temper- 
ature Tf. Since in each of these processes the system changes from 
the same initial state (i mol of CO and ) mol of O2 at ^ and Ti) to the 
same final state (i mol of CO2 at p and Tt), the total change in heat- 
content must be the same in the two processes; and therefore the 
heat evolved at the temperature T2 must differ from the heat evolved 
at the temperature Ti by the same amount as the heat absorbed in 
heating the reacting substances differs from that absorbed in heating 
the reaction-products from Ti to Ta at the constant pressure p. 
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Effect of Temperature on Heat of Reaction, — 

Prob, 15, — a. Represent on a diagram, in which the ordinates denote 
the temperature, and the abscissas the heat-content of the system, 
how the heat-content changes during each step of the two processes 
described in the text for bringing about the change in state, iCO-hK^i 
at Ti and p to iCOs at T% and p. Make the arbitrary assiimption 
that the heat-content of the system in the initial state is zero. 6. With 
the aid of the diagram formulate an algebraic relation between the 
heats of reaction Qj^ and Qti at the two temperatiires Tt and Ti and 
the heat-capacities C\ and Cs of the sjrstem in its initial and final states 
respectively, h. Noting that this relation is exact only when the heat- 
capacities do not vary with the temperature, formulate an exact 
differential expression, and also an integxul which is a general expression 
'for the difference in the heats of reaction at two temperatures, when 
no change takes place in the state of aggregation between those tem- 
peratures. 

Prob. 16. — Calculate the heat of formation of iPbO(s) at 200® from 
its heat of formation (50,300 cal.) at 20° and from the specific heat- 
capacities at constant pressure of lead (0.032), of oxygen (0.212), and 
of lead oxide (0.052). Ans. 50,000 cal. 

Prob, 17, — Calculate the heat of formation of iHsO(g) at 1000** from 
the following data. The heat of formation of iHsO(l) at 20** is 68,400 
cal. Its heat of vaporization at 100'' is — 9,670 cal. The molal heat- 
capacity at constant pressure at T is 6.69+o.ooo7r for oxys^en, 6.54 -h 
o.oooyr for hydrogen, and 8.81 — o.ooi9r+o.ooo,oo2,22rn[or water- 
vapor. Ans. 59,800 caL 
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n. GENERAL RESULTS OF THERMOCHEMICAL INVESTIGATIONS 

132. Heat-SfFects Attending Changes in the State of Aggregation 
of Substances. — The heat of vaporization of liquid substances^ the 
heat of fusion of solid substances, and the heat of transition of one 
solid substance into another (as of rhombic into monoclinic sulfur) 
are quantities which are important in themselves and which are fre- 
quently involved in calculations of the heat of chemical reactions. 
The general statement can be made in regard to them that the conver- 
sion of the form that is stable at lower temperatures into that stable 
at higher temperatures (for example, of ice into water, or of rhombic 
into monoclinic sulfur) is always attended by an absorption of heat. 

The following simple principle, known as TrotUon^s rule, has b«n 
discovered in regard to the values of the heat of vaporization. The 
ratio of the molal heat of vaporization of a liquid at its boiling-point 
to its boiling-point on the absolute scale has approximately the same 
value (namely, about —20.5) for all liquids, except those whose 
molecules are associated; that is, AZT/Tsapprox. 20.5. The actual 
values of these quantities in the case of five very different liquids 
are shown in the following table. 

Heats of Vaporization and Trouton's Rule 

SubMtance a9 

Bromine * 6760 

Benzene 7350 

Carbon bisulfide 6380 

Ethyl ether 6260 

Ethyl formate 7180 

Substances containing the hydroxyl group, such as water, alcohols, 
and acids, whose molecules in the liquid state are for other reasons 
believed to be associated (see Art. 38), form marked exceptions to 
Trouton's rule. Thus the value of AH/T is 25.9 for water, 27.0 for 
ethyl alcohol, and 14.9 for acetic acid. 

The molal heat of vaporization of a liquid or solid substance can be 
accurately calculated by the Clapeyron equation (Art. 33) from the 
change of its vapor-pressure with the temperature. 

The heat of solution of substances is another important quantity. 
In determining and expressing it the quantity of solvent in which a 
definite weight of the substance is dissolved must be taken into con- 
sideration. The two limiting cases are the heats of solution in a very 
large quantity of solvent and in that quantity of solvent which forms 
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with the substance a saturated solution. These two heat-effects 
sometimes have different signs. They evidently differ by the heat of 
dilution of the saturated solution with a large quantity of water. 

The dissolving of gaseous substances in solvents is always attended 
by an evolution of heat; and the dissolving of solid substances in 
solvents is usually attended by an absorption of heat. The mixing of 
liquids may be attended either by evolution or absorption of heat, as 
explained in Art. 42. 

The heal of dUtUion of substances in solution is also important; 
for it enables the heat of formation of a solution of one concentration 
to be calculated from that of a solution of another concentration, and 
thus enables heats of reaction to be calculated at different concentra- 
tions. The heat-effect attending the addition of an equal volume of 
water to a concentrated aqueous solution is often large; but it becomes 
less as the concentration diminishes; and, after a moderately small 
concentration (such as 0.2 j|)rmal) has been attained, there is usually 
only a very small heat-effecf on adding even a very large quantity of 
water. For example, on adding at 18® to i formula-weight of gaseous 
HCl or of solid ZnCls successively AiV formula-weights of water, 
there are evolved the following quantities of heat (Q) in calories: 

dkN 5 S 10 30 so 100 200 

Q for HCl 14960 1200 ^600 360 120 50 

Q for ZnCU. • • • 7740 1850 1300 2170 1490 820 390 

Proh, 18, — Heat of Transition Derived from Heats of Solution, — The 
heat of solution at 20^ in a large quantity of chloroform of i at. wt. of 
rhombic sulfur is —640 cal. and of i at. wt. of monoclinic sulfur is —560 
cal. Show, by applying the law of initial and final states, what other 
heat-effect can be derived from tliese data, and what its value is. 

Proh. ig, — Change of Heat of Reaction with the Concentration, — 
The heat of solution at 18** of iZn(s) in HC1.2ooAq is 34,200 cal. Find 
its heat of solution in HCl-sAq, a, by applying the law of initial and 
final states, and &, by formulating the thermochemical equations 
involved. 

188. Heats of Reaction in Aqueous Solution. — The investigations 
made of the heat-effects attending chemical reactions in aqueous 
solution between substances present at fairly small concentrations 
(0.1-0.3 normal) have established the following principles: 

(i) On mixing solutions of two neutral salts which do not form a 
precipitate by metathesis (for example, solutions of potassium chloride 
and sodium sulfate) there is scarcely any heat-effect. Exceptions to 
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this principle are met with in the few cases in which a unionized 
salt is produced by the metathesis. Thus the metathetical reaction 
2K+Cl-+Hg^(N03-)2 = 2K+N03-+HgCl« is attended by a heat- 
evolution of 12,400 cal. 

(2) The heat of neutralization of a solution of any largely ionized 
monobasic acid with a solution of any largely ionized monacidic base 
(for example, of hydrochloric acid, nitric acid, etc., with sodium 
hydroxide, potassium hydroxide, etc.) has approximately the same 
value, whatever be the acid or base. At 18^ this nearly constant value 
averages 13,800 cal. per equivalent when the acid and base solutions 
are 0.12 to 0.25 normal. 

(3) When the base or acid is only partly ionized (as in the case of 
anmionium hydroxide or hydrofluoric add), the heat-eSect attending 
its neutralization with a largely ionized add or base is often much 
larger or smaller than that observed when both acid and base are 
largdy ionized; thus the heat of neutralization of one equivalent of 
ammonium hydroxide with one of hydrochloric add is 12,300 cal., 
and that of one equivalent of hydrofluoric add with one €f sodium 
hydroxide is 16,300 cal. 

(4) When one formula-weight of a dibasic acid is neutralized in 
steps by adding first one equivalent of a largely ionized base and then 
a second equivalent, the heat-effects for the two equivalents of base 
are usually different; for example, at 18^ the two beat-effects are 
14,600 and 16,600 cal. in neutralizing 0.28 normal sulfuric acid solution 
with 0.28 normal sodium hydroxide solution, and they are 11,100 and 
9,100 cal. in neutralizing carbonic add with that base. 

(5) When certain polybasic adds are neutralized, there is sometimes 
scarcely any heat-effect when the second or third equivalent of base 
is added. Thus the successive heat-effects when phosphorous acid 
(HgPOa) is treated with sodium hydroxide at 18® are: 14,800 cal. with 
the first equivalent, 13,600 cal. with the second equivalent, and only 
500 cal. with the third equivalent; and with hypophosphorous acid 
(H8PO2) there is a heat-effect of 15,200 cal. with the first equivalent 
of sodium hydroxide, and only no cal. with the second equivalent. 

(6) With certain polybasic adds there is a considerable heat-effect 
when to the solution of the neutral salt another equivalent of base is 
added; thus, there is a heat-effect of 1200 cal. on mixing a solution 
containing one equivalent of sodium hydroxide with one containing 
one formula-weight of sodium phosphate (NagPOi). 
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IfUerpreiaiion of the Heats of Reaction in Aqtteous Solutions. — 

Prob, 20. — a. Explain principle (i) stated in the preceding text with 
the aid of the ionic theory, assuming that the solutions are very dilute. 
b. What conclusion as to the ionization or as to the heat of ionissation 
of neutral salts can be drawn from the fact that this principle holds 
true even at fairly high concentrations (such as 0.3 normal)? c. Write 
a thermochemical equation corresponding to the ionic reaction to which 
the heat-effect is mainly due in the reaction cited as an exception to the 
principle. 

Prob, 21. — Show that on mixing dilute solutions of two salts (such as 
lead nitrate and potassium iodide) which form a precipitate by meta- 
thesis there must be a heat-effect which is substantially equal, but 
opposite in sign, to the heat of solution of the precipitated substance 
(the lead iodide). 

Prob. 22. — a. Write the ionic reaction to which the nearly constant 
heat of neutralization of largely ionized adds and bases corresponds. 
b. State what other heat-effect is involved in the neutralization of 
anunonium hydroxide (a slightly ionized base) with a largely ioi&zed 
add, and find its value, c. What is the heat-effect that attends the 
reaction between 1NH4CI and iNaOH in 0.2 normal solution? 

Prob. 23. — Calculate the heat of ionization of iHF from the facts 
that its heat of neutralization in 0.28 normal solution with 0.28 normal 
NaOH solution has been found to be 16,300 cal., and its ionization in 
0.28 normal solution is estimated to be 5.2%. 

Prob, 24. — Calculate the heats of ionization at i8% a, of HaCCX) and 
b, of HCOi~ from the heats of neutralization of carbonic add given in 
paragraph (4). Carbonic acid is a very slightly ionized add; sodium 
hydrogen carbonate solution is practically neutral; and the sodium 
carbonate in the 0.07 formal solution produced by the neutralization 
is 6.3% hydrolyzed. 

Prob. 25. — Conductance, transference, and reaction-rate measure- 
ments have shown that sodium hydrogen sulfate in o.i formal solution 
at 18® consists approximatdy of 52% of HSOi", 48% of SO4", and of 
the corresponding amoimts of Na"^ and H*^. A calorioietric measure- 
ment at 18^ has given the result expressed by the equation: 

NaHS04.6oiAq-|-NaOH.2ooAq =Na,S04.8oiAq+Hi64- 16,620 cal. 

Calculate the heat of the reaction HS04""=H''"-|-S04", assuming that 
the ionization of NaOH, of NasSOt, and of NaHS04 (into Na+ and 
HSO4"") is con^plete. 

Prob, 26. — State what the observed heat-effects, given in paragraph 
(5), attending the neutralization of phosphorous acid and of hypo- 
phosphorous add show as to the existence of salts of these adds in 
solution. 

Prob, 27, — Explain the fact, stated in paragraph (6), that there 
is a large heat-effect on adding a solution of NaOH to one of 
Na«P04. 
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Prob. 28. — Determination of Chemical Equilibria by Thermochemical 
Methods. — Describe a thermochemical method of detennining the 
extent to which acetic add displaces hydrofluoric add from sodium 
fluoride in dilute solution. The heat of neutralization of acetic acid 
with sodium hydroxide at 18^ is 13,230 cal., and that of hydrofluoric 
add is 16,300 od. 

*184. Applications of Thennochemical Piindples. — The following 
problems illustrate some important applications of thermochemical 
principles to industrial chemical operations. Thus the problems in- 
clude the estimation of the TnAyiTTimn temperature produced by 
flames or by the explosion of gaseous mixtures, the determination of 
the quantity of heat produced in continuous chemical processes 
(whose removal often constitutes one of the main difficulties of large- 
scale operation), and a consideration of the effectiveness of hot gases 
as an evaporating agent. 

Maximum Temperalure Producible by Flames and Explosions, — 

Prob. 2p, — Calculate the maximum temperature that could theoreti- 
cally be attained in the flame produced by burning at 30^ a " water-gas '' 
consisting of equimolal quantities of hydrogen and carbon monoxide 
with twice the quantity of air required for complete combustion. As- 
sume that the reaction-products are not Appreciably dissociated, and 
that air contains lOi to 4Nt. The molal lieat-capadty of COi at con- 
stant pressure at T is 7.0+0.0071 r—oi)oo,ooi,86r*. The equation 
HaCg) + iOj(g) = HaO(l) + 68,400 cal. holds true at 20*. For the other 
data needed see Art. 27 and pieviops problems of this chapter. 
Ans. i723^A. / ^ ' .. ^ .: . f / ': ^ 

Prob, JO. — a. Calculate the maximun/ temperature and pressure that 
could be produced by the explosion within a bomb of a mixture consist- 
ing of i mol of Ht, j mol of Os, and i mol of Nt at 20^ and 100 mm., 
assuming that the water produced is not appreciably dissociated. 
b. The maximum pressure produced in an actual experiment was found 
to be 840 mm. Show how from this result the degree of dissociation of 
the water-vapor and the temperature of the mixtiure at the moment of 
the explosion can be calculated. (The equations should be formulated, 
but they need not be solved numerically.) 

Heai Evolved by Continuous Processes at High Temperatures. — 

Prob, 31. — In the Deacon process of making chlorine, a mixture 
of oxygen and hydrogen chloride in the proportion ^Oi : iHCl at 20^ 
is passed continuously into a vessel at 386^ containing a suitable 
catalyzer. The gas is passed so slowly that equilibrium is established, 
80% of the hydrogen chloride being converted into chlorine and water. 
Calculate the heat which will be given off from the equilibrium vessd per 
mol of HCl passed through, and which must, to maintain a constant 
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temperaturei be continuously withdrawn by a suitable system of 
cooling. For the data needed see Art. 27 and previous problems of 
this chapter. Ans, 1900 cal. 

Proh, 32. — In the Grillot contact process of making fuming sulfuric 
add a mixture of sidfur dioxide and air passes through a chamber con- 
taining a series of trays charged with the platiniun catalyst. This 
mixture enters the chamber at 380^ (the lowest temperature at which a 
rapid reaction will occur), and rises in temperatiure as a result of the 
heat of reaction. This rise in temperatiu^ must not exceed 100^, if 
considerable dissociation of the SOs is to be avoided. Calculate the 
smallest volume of air that may be present with one volume of sulfur 
dioxide in the gas entering the chamber at 380^ in order that the rise of 
temperatiure may not exceed 100^. The heat-effect of the reaction 
S0s(g)+i02(g)»S0s(g) is 22,000 cal. at 380^ Consider the molal 
heat-capacity of each gas in the mixtiure to be the same as that of 
nitrogen or oxygen. Assume that 97% of the SOi is .converted into 
SOi, and that there is no loss of heat by heat interchange. Ans. 29 
volumes. 

Proh, J J, — Heat-Effects in the Process of Concentrating Sulfuric Acid 
by Hot Gases. — In the Gaillard process of concentrating sulfuric add 
a 73% ^d (corresponding to iHtS04.2HsO) is sprayed at 20^ into a 
brick-lined tower, and in falling through the tower is caused to meet an 
ascending current of hot producer-gas consisting (mainly) of nitrogen 
and carbon monoxide, which enters the bottom of the tower at iioo^ 
and leaves the top at 200^. Calculate how many cubic meters of 
producer gas must be supplied per kilogram of the 73% add to furnish 
the heat necessary to concentrate it to 91^% H3SO4 (corresponding to 
2H2SO4.1H2O), assuming the latter leaves the tower at 200^, and that 
there is no loss of heat by radiation. The heat evolved on adding 
iVHsO(l) to 1HSSO4G) &t 20^ has been calorimetrically determined and 
found to be expressed by the equation Q^i'jS6oN/(N'{-i.So). The 
heat of vaporization of i g. of water at 100^ is — 537 calories. The mean 
specific heat-capacity of 91^% HsS04 between 20^ and 200° is 0.4 cal. 
per degree. In solving this problem write the thermochemical equa- 
tions by which iHiS04.2HtO at 20^ can be converted into iHsS04.iHsO 
and i^HtO(g) at 200^. Ans, 3.9. 
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L TffR S£CX)ND LAW OF THERMODYNAMICS AND THE CONCEPT 

OF FREE-ENERGY 

186. The Second Law of Thermodynamics and its Application to 
Isothennal Changes in State. — This chapter is devoted to a considera- 
tion of the production of work by chemical changes. Before this can 
be adequately considered, familiarity with certain aspects of another 
general principle relating to energy, the so-called second law of thermo- 
dynamics, is essential. 

The first law of thermodynamics states that when one form of 
energy is converted into another the quantity of the form of energy 
that is produced is equivalent to the quantity of the form that dis- 
appears; but it does not indicate that there is any other restriction 
as to the transformability of the different forms of energy. Expe- 
rience has shown, however, that while the various forms of work can be 
completely transformed into one another and into heat, the-tzansfoir 
mation of h eat into work Js subject to certain limitations. Namely, 
it is found that heat is never transformed into work by any cycle of 
changes taking place in any system kept in surroimdings at any definite 
temperature; by a cycle of changes being meant any series of changes 
in state of such a character that the system finally returns to its initial 
state. 

If a cyde of changes in state by which heat is transformed into 
work at constant temperature could be realized, the cyde could be 
indefinitely repeated and produce work in unlimited quantity, thus 
constituting a form of perpetual motion, which may be called perpetual 
motion of the second kind. The impossibility of such perpetual motion 
is the prindple that was stated and illustrated m Art. 44. 

Perpetual motion of the second kind, by which work is conceived to 
be produced out of heat at constant temperature, is to be distinguished 
from perpetual motion of the first kind (described in Art 23), by 
which work is conceived to be produced without consuming energy 
of any form. 

Experience with processes taking place at different temperatures 

223 
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has led to the conclusion that this principle is a consequence of a still 
more general law, known as the second law of thermodynamics , which 
may be expressed as follows. A^rocessjgiiqse final_r esult is only a 
tian^ormation.i}£jL qua &tity of heat i nto work is an impossiM ity, 
The application of this law to changes of state taking place at constant 
temperature wiU b^ considered in this chapter; its application to 
processes involving different temperatures, in chapter XII. 

Proh, I, — Production of Work from Heat at Constant Temperature. — 
When a gas that is placed in a reservoir of laige heat-capadty and 
definite temperature expands against an external pressiure, it produces 
work and withdraws from the reservoir a quantity of heat. State 
why this transformation of heat into work is not a contnuliction of the 
second law of thermodynamics. 

Since work is never produced out of heat by any isothermal cyde 
of changes in a S3rstem, no change in state at constant temperature can 
produce more work than must be expended to restore the system to its 
initial state. In other words, any isothermal change in state taking 
place in one direction (such as the expansion of a gas from pi, Vxy to 
pi, vk, at 70 is capable of producing a definite maximum quantity of 
work; and to make it take place in the opposite direction (thus, to 
compress the gas from pi, v%y to pi, Vi, at T), there must be expended 
a quantity of work at least equal to this maximum. Whether this 
maximum work is actually produced, or whether no more than this 
minimmn work is actually expended, depends on the way or process 
by which the change in state takes place. Thus, the work produced 
by the change in state of the gas from pi, Vi, to pi, v^, at T depends 
on the process by which this takes place; for example, upon the oppos- 
ing external pressure, which obviously may have any value from zero 
up to a value only infinitesimally less than the pressure of the gas 
itself. n_tihej«oc!^sJs suc h tha t the maxim um w ork i s actually 
produced or_only the mmimum work is expended/it^is calledi a 
reversMe^^maess. ll the process is such that less than the ma-Tinmim 
work is produced or more than the minimum work is expended, it is 
called an irreversible process. It wiU be noted that the criterion of the 
reversibility of a change in state Is whether the system canbe restof^ 
to its initial state without a net expenditure of work. "" " 

The following problems illustrate reversible and irreversible pro- 
cesses and the external conditions which must be fulfilled in order 
that processes may be reversible. 
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ReversUde and Irreversible Processes Contrasted. — 

Proh. 2. — N mols of a perfect gas having a pressure of 2 atm. are 
enclosed within a cylinder placed in a thermostat at a temperature T 
and provided with a weighted piston. The weight on the piston is 
reduced so that the piston exerts on the gas a pressure of i atm., and 
the gas expands till its own pressure becomes i atm. Explain why this 
process is irreversible; and state what would have to be true of the 
pressure exerted by the piston on the gas during its expansion in order 
that the process might be reversible. 

Proh, 3, — a. Derive an expression in terms of N, R, and T for the 
work produced by the irreversible process described in Prob. 2. b. Derive 
a corresponding expression for the work produced when the same cha)^ 
in state is brought about by a reversible process, c. Find the numerical 
ratio of these two quantities of work. 

Prob. 4. — Two Daniell cells, each having an electromotive force of 
1. 10 volts, are connected in series and are used for charging a lead 
storage-cell having a (counter) electromotive force of 2.10 volts. Ex- 
plain why the process is not reversible; and state how a number of 
Daniell cells and a number of storage-cells could be so arranged that 
the latter might be charged reversibly. (In this case the Daniell cells 
may be regarded as the system, and the storage cells as a part of the 
surroundings in which the electrical work is produced and stored.) 

As illustrated by the preceding problems, in order that the process 
by which a change in state is brought about may be reversible, the 
pressure externally applied must be substantially equal to the pressure 
exerted by the system itself, or the applied electromotive force must 
be substantially equal to the electromotive force of the cell. For the 
change in state will take place m one direction when the applied pres- 
sure or electromotive force is only infinitesimally less than that of the 
system, and in the other direction when it is only infinitesimally 
greater, and correspondingly, the work produced by the change in 
state is only infinitesimally less than that expended in restoring the 
system to its initial state. But, if the applied pressure or electro- 
motive force were less by a finite amoimt than that of the system, the 
quantity of mechanical or electrical work produced in the surround- 
ings woiild evidently not suffice to restore the system to its initial 
state; and if in causing the change to take place in the opposite 
direction, the applied pressure or electromotive force were greater 
than that of the system, more work would be withdrawn from the 
surroundings than the system would be capable of reproducing on re- 
verting to its original state. 

It is to be noted that the term reversible is always employed, in 
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the sense above defined, to designate a process of such a character 
that it is possible to restore the original condition of things both in 
the system and its surroundings. After an irreversible process has 
taken place, it is in general possible to restore the system to its original 
state, but only by withdrawing from the surroundings a larger quantity 
of work than was produced in them (and imparting to them a corre- 
sponding quantity of heat), so that the original condition in the sur- 
roundings is not reproduced. When an irreversible change has once 
taken place, it is not possible by any means whatever to reproduce 
in their entirety the conditions that previously existed. 
Sincejll act ual p rocesses are irreversible, there is cons tantly takin g 
y place a decreas e in the work- producing power oTthe universe . This 

irreversibility arisesHfrom various causes. Thus there may be no 
device for producing the available work (as when a compressed gas 
escapes into the atmosphere or when coal bums in the open air); the 
mechanism that is employed may be imperfect owing to frictional or 
electrical resistance; or the pressure or electromotive force of the 
S3rstem may not be balanced by applying an equal and opposite 
external pressure or electromotive force. 

136. The Concepts of Work-Content and Free Snercr. — The 
principles that a definite change in state is capable of producing a 
definite quantity of work and that this quantity of work is realized 
when, and only when, the process by which the change is effected is 
reversible, are further illustrated by the following problem. 

Prob, 5, — Production of Definite Quantity of Work by ReversiMe 
Changes in State, — In a voltaic cell consisting of one platinum electrode 
in contact with a o.i f. HCl solution atfd with hydrogen gas at i atm. 
and of a second platinum electrode in contact with the same HQ solu- 
tion and with hydrogen gas at o.i atm., hydrogen is found to go into 
solution (as hydrogen-ion) at the first electrode and to be evolved at the 
second electrode, as a result of the electromotive force which is pro- 
duced, a. Name the change in state that takes place in such a cell 
when one faraday of electricity passes through it at 18^, specifying all 
the factors determining the change in state, but disregarding the 
transference in the solution, which in a cell of this kind will be shown 
later to be attended by no energy-effect. 5. Describe how the same 
change in state could be brought about reversibly by a process not 
involving voltaic action; and calculate the work attending this process. 
c. Show that perpetual motion could be realized if this quantity of 
work were not equal to the work that would be produced per faraday 
of electricity when the cell operates reversibly. 
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Since any definite change of state in a system is capable of producing 
a definite maximum quantity of work (a quantity which is never ex- 
ceeded, whatever be the process by which the change in state takes 
place), it is to be inferred that a system in any definite state possesses 
a certain power of producing work, which may be called itg ^prk - 
content A ; and that this changes by some definite amount (from 
Ai to i4i) when the system undergoes any definite change in state, 
whatever be the process by which this change takes place, and what- 
ever be the quantity of work which is actually produced. In other 
words, the work-content of a system, like its energy-content and its 
heat-content, is a qxiantity characteristic of the state of the system; 
and the change in the work-content of a system is determined solely 
by its initial and final states. 

The decrease (-4i— i42 or — Ai4) m the work-content of the system 
attending a definite change in its state is evidently equal to the muci' 
mumwork which the change is capable of producing, and this is equal 
to the quantity of work Wa, which the change actually produces when 
it takes place reversibly. That is: 

Ai-A2 = -^A ^PTb. 

It will be noted that, while the First Law requires that there be 
a quantity of energy produced in the surroundings equal to the de- 
crease of the energy-content of the S3rstem, the Second Law does not 
require that there be a quantity of work (W) produced equal to the 
decrease in work-content ( as was illustrated by Prob. 3). The Secon d 
Law requi re 017)7 ^^^^ ^^^ guantityj rf work pr oduced be not greater 
th?in t^*^ iyTPP"*" ^^ w/^rV-/-nnfonf That is, W > —Ail for no process 
whatever; W= — Ai4 for a reversible process; and W< ^AA for an 
irreversible one. 

Just as it is more convenient in chemical considerations to con- 
sider the heat-content rather than the energy-content of systems, so 
there are many advantages in considering in place of the work-content 
a quantity whic h differsj roni^it, just as the heat-content differs from 
the energv-content,^v'th e value of the pressure -volume product. 
This quantity, which may be called the free-energy content (F), o\ 
simply the jretrenergy of the system, is defined by the equation F=* 
A-\'i>v, . Its value is determined by the state of the system, since thi 
values of A and of ^v are so determined; and the decrease in its value 
when any change in the state of the system takes place is evidently 
equal to the work produced when the change takes place reversibly, 
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diminished by the increase of the pressure-volume product; that is: 

The difference (Fi— F2) between the free-energy-content of a 
system in its initial state and that in its final state will be called the 
free-energy decrease ( — AF) attending the change in state, irrespective 
of the sign of its numerical value, which may be either positive or 
negative. J Ite change in state is always considered to tak e place at 
some constant jtenipecatuie. 

Prob. 6, — Work-CorUent and Pree'Energy-CorUent in RdaHon to the 
Work Produced. — a. What is the decrease in joules in the energy- 
content, heat-content, work-content, and free-energy-content of one 
formula-weight of water when it changes from liquid water to gaseous 
water at 100^ against a constant pressure of i atm., referring to Prob. 
38, Art. 33, for the data needed? b. What would be the decrease in 
these four quantities if the liquid water at 100^ and i atm. changed to 
gaseous water at 100^ and i atm. by a process which produces no work, 
for example, by introducing the liquid water into an evacuated vessel 
^ having a volimie equal to that of the saturated vapor? 

In cases where different parts of the system are under different 
pressures, as in the cell of Prob. 5, the decrease in free energy is de- 
fined to be the quantity obtained by subtracting from the work pro- 
duced when the change takes place reversibly the difference between 
the sum of the pv values for all the parts of the system in its final 
state and the srnn of the pv values for all its parts in its initial state. 
Therefore, in general: 

Fi-F8 = ir»-(S/Wi-2:/>i»i); or -AF = ira-A(S/^). 

The principle that the free-energy decrease attending any process 
is determined solely by the change in state of the system is the funda- 
mental principle on which is based the treatment of chemical equi- 
librium and of electrochemical processes presented in this and the 
following chapters. The methods of determining the free-energy 
change attending various kinds of changes in state wiU be systemati- 
cally developed, and the applications of the results to chemical and 
dectrochemical problems wiU be considered. 

A knowledge of the free-energy changes attending chemical changes 
is of great importance for the following reasons. In the firs t place, fre e 
energy values give directly the maximimi quantit y of work obtainable 
from chemical changes; for example, they ^ow how much work can 
be produced by the combustion of coal or gasoline or from the chemical 



TEE CONCEPT OP PREE ENERGY 



229 



reactions taking place in a storage cell; for the decrease in free-energy 
attending the chemical change, and not its heat-effect, determines 
the theoretical efl&ciency of a heat engine or electric battery. Secondly, 

fr^fiijfirgy vj^Jnes gj^ahle t^|> ^qin'lihniim-mnQf,^^^,*^ of diem ical 

r eactions to be calculat e^and a knowledge of the equilibrium condi- 
tions of chemical changes is fundamental both in its scientific aspects 
and in its technical applications; thus the proper control of a gas 
producer or of a blast furnace must be based on a quantitative con- 
sideration of the equilibria of the chemical reactions involved in the 
process. Thirdly, free-energy values form the basis of Jthescigce of 

(CUxmotiye force sideTuius they enable 
not omy tne total electromotive force, but also the separate potentials, 
of voltaic cells of all kinds to be calculated. 



X 
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n. FREE-ENERGY CHANGES ATTENDING PHYSICAL CHANGES 

187. Free-Enercr Changes Attending Changes in Volume and 
Pressure. — In finding the expression for the free-energy decrease 
attending any kind of change in state, the method of procedure is 
always as follows. First, the change in state of the system is formu- 
lated by defining accurately its initial and final states; second, a 
process is conceived by which the change in state takes place reversibly ; 
and third, the work attending this reversible process is evaluated. 

The simplest t3^e of change in state is that in which a system whose 
pressure is p and volume v changes its state at a constant temperature 
T so that its pressure becomes p-\-dp and its volume v+dv. This 
change in state will take place reversibly if a substantially equal 
external pressure be applied to the system. The work dWn in this 
process is equal to pdv (Art. 24). The free-energy decrease —dF 
attending such a change in state at a constant temperature is, however, 
by definition equal to dWK—dipv). In virtue of the mathematical 
relation d(pv)=pdv+vdp, the free-energy decrease attending an in- 
finitesimal change in volume or pressure at a constant temperature is 
therefore given by the expression: 

-dP^-vdp. 

For a finite change in volume or pressure the corresponding expression 

is: 

-AF^jvdp. 

This equation is a general one, applicable to gaseous, liquid, and 
solid systems. In order to carry out the indicated integration, the 
functional relation between the pressure and volume of the system 
at constant temperature must be known. 

Prob, 7. — Free-Energy Decrease Attending the Expansion of Gases, — 
a. Derive an expression for the free-energy decrease attending the 
change in state of N mols of a ]3erfect gas when at the temperature T 
its volume and pressure change from Vi and Pi to Vt and Pt> b. Derive by 
integration an expression for the decrease of the free energy of N mols 
of a gas when at T its pressure changes from pi to Pt, provided the 
pressures are moderate so that its pressure-voliune relations are ex- 
pressed with sufficient accuracy by the equation pv-NRT{i'\-ap) 
given in Art. 15. c. Calculate by this expression the value in joules of 
the free-energy decrease attending the expansion of i mol of COs from 
4 atm. to I atm. at o^, for which substance at o^ the deviation-co- 
efficient a has the value —0.0068 per atmosphere. Am. c, 3100. 



FREE ENERGY OP PHYSICAL CHANGES 231 

^Proh. 8, — Free-Energy Decrease Attending the Compression of 
Liquids, — The change in volume v of liquid or solid substances with 
the pressure p can commonly be approximately expressed by the equa- 
tion v=Vfi{i—kp)j where vo is the volume at zero pressure and i& is a 
quantity, called the compression-coefficient^ which varies with the sub- 
stance and with the temperature, but may ordinarily be regarded as 
constant for variations of pressure up to 30 to 50 atm. a. Derive an 
expression for the decrease in free energy of such a substance when the 
pressure on it changes from Pi to Pt, b. Find the free-energy decrease 
in joules attending the compression from i atm. to 50 atm. at 30^ of 
10 g. of water, whose compression-coefficient at 20^ is 0.000048 when 
the pressure is in atmospheres, and whose density at 20° and i atm. 
is 0.998. Ans. ^,49.7. 

138. Free-Sneigy Changes Attending the Transfer of Substances 
between Solutions of Different Concentrations. — As shown in the 
problems below, there may readily be derived the following expressions 
for the free-energy decrease which attends the transfer at the tem- 
perature T of that quantity of a substance which is N mols in the 
state of a perfect gas from an infinite quantity of a solution in which 
its vapor-pressure is pu its mol-fraction xij and its molality or molal 
concentration Ci, into an infinite quantity of another solution in which 
its vapor-pressure is Pi, its mol-fraction Xi, and its molality or molal 
concentration cs : 

^AF^NRTyfi^' (i) 



L 



-af^nrtJL''^- \ (3) 



The conditions under which each of these equations is exact will be 
evident from its derivation. Equation (i) holds true whatever be 
the mol-fractions or concentrations; but it involves the assumption 
that the vapor conforms to the perfect-gas law. Equation (2) holds 
true when, in conformity either with Raoult's law or with Henry's 
law, the vapor-pressures are proportional to the mol-fractions. Equa- 
tion (3) holds true when, in conformity with Henry's law, the vapor- 
pressures are proportional to the mol-fractions and when the latter 
are small enough to be substantially proportional to the concentra- 
tions; it is the expression commonly employed when a solute is trans- 
ferred from one dilute solution to another. 
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Derivaiion of the Pree-Energy Equations, — 

Prob, g, — a. Formulate an exact expression (not involving the 
perfect-gas law) for the free-energy decrease attending the introduction 
at the temperature T of m grams of a pure substance at a pressure equal 
to its vapor-pressure ^o into an infinite qiiantity of a solution in which 
the substance has a vapor-pressure p. Note that this change in state 
can be brought about by the following reversible process: vaporize the 
m grams of the substance at the temperature T imder a pressure ^o; 
change the pressure of this vapor to p; and at this pressure condense Uie 
vapor into the solution. 6. Derive from this expression an equation 
which holds true when the vapor conforms to the perfect-gas law. 
c. Formulate an expression for the free-energy decrease attending the 
transfer of N mols of a substance from an infinite quantity of a solution 
in which its vapor-pressure is pi into an infinite quantity of a solution 
in which its vapor-pressure is p%. 

Prob. 10. — Show how the equation formulated in Prob. gc may be 
modified so as to contain the mol-fractions Xi and Xt of the substance 
in the two solutions, a, when the vapor-pressures pi and pi conform to 
Raoult's law; b, when these vapor-pressures conform to Henry's law. 
c. State in the case of a solution consisting of two substances A and B 
the conditions of composition under which Raoult's law and under which 
Henry's law (and therefore xmder which the corresponding free-eneigy 
expressions) bold true approximately, d. Show that when the mol- 
fractions xi and Xt are small, their ratio may be replaced by the ratio 
of the molalities or molal concentrations, which signify (Art. 35) the 
number of mols of the solute per 1000 grams or 1000 ccm., respectively, 
of the solvent. 

Since Henry's law applies to the concentrations of a definite chemical 
substance, it is evident that equation (3) niust be appli ed separate ly 
to the transfer of each chemical substieince, not to the transfer of the 
substance as a whole, if it exists in the solution as two or more different 
chemical substances as is the case with H+Cl" or any other partially 
ionized substance in aqueous solution, or with acetic add in benzene 
solution in which it exists as QH4O2 and (CsH402)s. 

Although equation (3) was derived by the consideration of a process 
involving the vaporization of the solute and with the aid of the assump- 
tion that the pressure of the vapor was small enough to conform to 
the perfect-gas law, yet that equation relates only to the transfer 
of the substance from one solution to another; and it would be re- 
markable if its validity depended on whether the substance were 
volatile or on how large its vapor-pressure might be. In fact, it can 
be shown, by deriving equation (3) through a consideration of an 
osmotic process of transferring the substance from one solution to the 
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other, that the equation is exact, provided only that the substance 
behaves as a perfect solute, as shown by its conformity to the osmotic- 
pressure equation P»o= NRT considered in Art. 52. 

ApplicaHons of the Free Energy Equations. — 

Proh. II. — a. Calculate the free-energy decrease attending the trans- 
fer at 20^ of iNHt from an infinite quantity of a solution of the composi- 
tion I NHi.S^HsO in which its vapor-pressure is 80 mm. into an infinite 
qtiantity of a solution of the composition iNHi.2iHsO in which its 
vapor-pressure is 27 mm. b. Calculate the free-energy decrease 
attending the dissolving at 20^ of iNHi at i atm. in an infinite quantity 
of a solution of the composition iNH|.2iHsO. 

Note. — Throughout this chapter free-eneigy values are to be ex- 
pressed in calories. 

Prob. 12. — Calculate the f ree- e nergy decrease attending the transfer 
at 20^ of iNHa from an infinite quantity of o.i formal NH4OH solution 
into an infinite quantity of o.ooi formal NH4OH solution. The am- 
monium hydroxide is 1.3% ionized in the 0.1 formal and 12.5% ionized 
in the 0.001 formal solution, and the remauiing ammoniiun hydroxide 
is y per cent dissociated into NHt and HsO in each solution. 

Proh. I J. — The transfer at the temperature T of one formula-weight 
of HCOtH from an infinite quantity of a dilute solution in which its 
formaHty is Ci and its ionization is 71 into an infinite quantity of another 
dilute solution in which its formality is Ca and its ionization is 7s can 
be brought about by so transferring either i mol of HCOiH or one mol 
of H"*" and one mol of HCOi'. a. Formulate an expression for the free- 
energy decrease attending each of these processes, b. Show that 
one of these expressions can be derived from the other with the aid of 
the mass-action equation for the ionization of the salt. c. Calculate the 
free-energy decrease by both expressions for the case that the tempera- 
ture is 25^, the concentrations are o.i and o.ooi formal, and the ioni- 
zations are 0.045 ^^^d 0.360. 

Prob. 14. — Formulate an expression for the free-energy decrease 
attending the transfer of iKtS04 at 25^ from a 0.1 formal solution to a 
o.ooi formal solution, assuming that the salt is completely ionized and 
that the ions act as perfect solutes. 

Note. — The assmnptions that largely ionized substances are com- 
pletely ionized and that their ions are perfect solutes are to be made, 
unless otherwise stated, also in all later problems. 

"^Owing to the fact that ions at even small concentrations are im- 
perfect solutes, the free-energy decrease attending the transfer of 
largely ionized substances is expressed only as a rough approximation 
by equation (3). An expression exact at any concentration may, 
however, be formulated with the aid of the concept of activity pre- 
sented in Art 113. Namely, it follows from the proportionality 
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between the activity of any definite substance in a solution and its 
vapor-pressure (assuming the vapor to be a perfect-gas) that the 
ratio of the activities of a substance in two solutions, or in general in 
two phases, may be substituted for the ratio of the pressures in equa- 
tion (i). Hence, for the transfer of N mols of a chemical substance 
at T from a solution or phase in which its activity is a\ to a solution or 
phase in which its activity is (h the free-energy decrease is: 

-AF = NRT log - • (4) 

*Thb equation has practical significance, not so much because it 
furnishes a means of evaluating free energies, as because it supple- 
ments the primary definition of activity (given by the equation ai/a% = 
Pi/p%) by a secondary definition which affords another method of 
determining the relative activities of a substance in different solutions. 
Namely, it,_enables activities and grtjyi>y-rnAfflripn^<^ to be ^erivpH 
from the free-energy decrease attending the.lra:nsferj Df the substance 
in cases where this decrease can be. obtained from ot her measu re- 
ments than those of vapor-pressure. It will be shown in Art. 146 
that this decrease can be computed from the jdectrom otive force of 
certain types of voltaic cells; and applications of equation (4) wiU 
there be considered. 

139. Free-Energy Changes Attending the Transfer of Substances 
between Different Phases. — When the change in state consists in 
the transfer of a substance from one phase to another phase at the 
temperature and pressure at which the two phases are in equilibrium, 
the free-energy decrease fa zero. Changes in state of this type are the 
transition, fusion, or vaporization of a solid substance, and the freezing 
or vaporization of a liquid substance, provided the two phases are at 
the temperature and pressure at which they are in equilibrium. Thfa 
principle follows from the general expression for free-energy decrease, 
— AF = prB-A(/w), and from the fact that this type of change can be 
made to take place reversibly at the given pressure, so that the maxi- 
mum work Wb. fa simply equal to that pressure times the volume- 
increase, that fa, to p{v%—Vi), which fa identical with A(^). 

Pfoh, 1$. — VaporizaHon, Fusion, and TransUion in RekUion to Free 
Energy, — Name a condition of temperatiue and pressure at which the 
free energies are equal and a condition imder which they are not equal, 
a, for water as a liquid and as a gaseous phase; 6, for water as a solid 
and as a liquid phase; c, for sulfur in the rhombic and the monodinic 
forms (see Art. 115). 
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Another case of this type is the transfer of a substance from a solid 
phase to a solution saturated with respect to that substance at a 
definite temperature and pressure. In order that this change in state 
may take place reversibly, the solid substance is made to dissolve in an 
infinite volume of its saturated solution by increasing or decreasing 
the pressure on the two phases by an infinitesimal amount. The work 
produced in this process is again simply equal to the pressure times 
the change in volume (p Av), and the free-energy decrease is therefore 
zero. 

Prob, 16. — Solution in Rdation to Free Energy. — Find the mmrimum 
work and the free-energy decrease attending the melting of iHsO as ice 
at —1.69^ into a 0.5 formal NaCl solution at its freezing-point ^i,6g^ 
at I atm. The molal volume of ice is 19.6 ccm., and the increase in 
volume of an infinite quantity of the solution when iHsO is added to 
it is 18.0 ccm. 

Still another case of this type is the transfer at a definite temperature 
of a substance from one liquid phase to another liquid phase, thus from 
a solution of it in one solvent to a solution of it in another solvent not 
misdble with the first solvent. Provided the substance is present in 
the two phases at the equilibrium concentrations, the free-energy 
decrease attending such a transfer is zero, as shown in Prob. 17. 

Prob, ij, — Distribution in Relation to Free Energy. — A Ci formal 
solution of NH« in chloroform is in equilibrium with a ct formal solution 
of NH| in water at T. Show that the free-energy decrease is zero for the 
transfer of iNHi from an infinite quantity of the chloroform solution 
into an infinite quantity of the water solution, by considering a reversible 
process involving the vapor phase. 

When the substance in one phase at any definite temperature is not 
in equilibrium with the same substance in the other phase, the transfer 
of it from one phase to the other is attended by an increase or decrease 
in its free-energy. In determining this free-energy change, a process 
must as usual be conceived by which the transfer takes place reversibly , 
and the work attending this reversible process must then be evaluated. 
This is illustrated by the following problems. 

Free-Energy Decrease Attending the Conversion of Unstable into Stable 
Phases. — 

Prob. 18. — Find the free-energy decrease that attends the transition 
at 105^ of iS from the rhombic into the monoclinic form, each being at a 
pressure equal to its vapor-pressure, referring to the figure of Art. 115 
for the data needed and assuming that the molecular formula of the 
sulfur vapor is Ss. 
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Proh. ig. — Findthe free-energy decrease attending the transition of 
32.06 g. of monodinic to riiombic sulfur at 25** from the facts that at 
25** the solubility in benzene of the monodinic form is 23.2 g. and that 
of the rhombic form is 18.2 g. per liter of benzene, and that the molecular 
formula of sulfur in benzene has been shown by molecular-weight 
determinations to be Ss. Consider a reversible process that involves 
dissolving the monodinic form in its saturated solution, transferring 
the sulfur from this solution to one saturated with respect to the rhom- 
bic form, and causing the rhombic form to predpitate. Ans, 18 caL 

*Proh, 20. — a. Find the free-energy decrease that attends the change 
of iHiO from the state of liquid at — i^ and 4.255 mm. (its vapor- 
pressure at —I**) to the state of ice at — i® and 4.215 mm. (its vapor- 
pressure at — i^) by considering a reversible process similar to that of 
Prob. 9. h. Find the free-energy decrease attending the same change 
in state, by considering a reversible process in which the water and ice 
are brought into equilibrium at — i^ by compression. Ice mdts at 
— i^ when the pressure is 130 atm. The mean compression-coeffident 
(see Prob. 8) at o** between zero pressure and this pressure is 0.000051 
for water and 0.000034 for ice. 

The foregoing considerations may be simuned up in the following 
statements: 

(i) The free energies of a substance in two different phases at any 
definite temperature are equal when the pressure or concentration 
is that at which there is equilibrium. 

(2) When the pressure or concentration is not that corresponding to 
equilibrium, the substance in the unstable state has the greater &ee 
energy; and namely, a free energy greater by the amount given by the 
expressions NRT log(Pi/Pt) and NRT log (si/st), in which pi and Pt 
represent the vapor-pressures of the substance in the unstable and 
stable states, respectively, and 5i and si represent its solubilities in any 
solvent in the unstable and stable states, respectively. This second 
prindple evidently corresponds to the prindples stated in Art. 115 
that the unstable form of a substance has the greater vapor-pressure 
and the greater solubility in any solvent. 

These prindples show that equality of the free energies of a sub- 
stance in two phases is a criterion of equilibrium; and that, when the 
free energies are not equal, a dbange tends to take place in that direc- 
tion in whidi there is an actual decrease in the free-energy. 

*Since the activity of the substance in any two phases is by defini- 
tion proportional to its vapor-pressure (Art. 113), it follows that the 
activity of a substance is the same in different phases which are in 
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equilibrium with one another. For example, when solid iodine is 
shaken with water and chloroform at 25^ in a closed vessel till equi- 
librium is reached, the activity of the iodine b the same in the solid, 
the gaseous, and the two liquid phases. This is a fundamental 
principle which is often made use of in applications of the mass-action 
law. Thus in the mass-action expression (HI)V(H«S)(l2) = /^, for 
the equilibrium of the reaction H4S-l-l4 = 2HI-|-S(s) in aqueous 
solution, the concentrations of the HsS and HI can be replaced by 
their vapor-pressures, and that of the Is can be replaced by its con- 
centration in a chloroform phase in equilibrimn with the aqueous 
solution. Such substitutions are useful, either when the substance 
is an imperfect solute in the aqueous solution, or when its pressure 
in the gas phase or its concentration in another solvent can be more 
easily or more accturately determined than its concentration in the 
aqueous solution. 

*In case there is not equilibrium it follows from the relation between 
free-energy decrease and activities derived in Art. 138 that the ratio 
of the activities of the substance in the two phases is given by the 
equation: 

Qualitatively this signifies that the activity of a substance is greater 
in the imstable state; for this state always passes over into the stable 
state with a positive free-energy decrease. 



238 PRODUCTION OF WORK BY CHEMICAL CHANGES 



m. FREE-ENE&GY CHANGES ATTENDING CHEMICAL CHANGES 

140. The Free-Energy Equation for Chemical Changes between 
Perfect Gases. — An expression for the free-energy decrease attend- 
ing a chemical change between perfect gaseous substances in terms of 
the equilibrium-constant for that change can be derived by the follow- 
ing considerations. 

Consider any chemical reaction aA-l-6B. . =cE+/F. .between 
the gaseous substances A, B,. .E, F,. . ; and consider a change in state 
which consists in the conversion at the temperature T of a mols of A, 
b mols of B, . . at pressures Pa\ />b',. • into e mols of E and/ mols of F,. . 
at pressures p%', Pw. . This change in state is briefly expressed by 
the equation: 

a A (at p/)+bB (at ^»0. . . = eE (at ^0 +/F (at ^/). . . 

This reaction would take place continuously in one direction or the 
other (imless the pressures happened to be those corresponding to 
equilibrium) if infinite quantities of the gases, each at its specified 
pressure, were present together in a mixture; and the specified change 
in state would be realized if the period dining which the specified 
number of mols reacted were considered. However, the change in 
state would not be taking place reversibly, since no mechanism is 
provided by which the work which the change is capable of producing 
would be actually produced. It is therefore necessary to conceive 
of some process by which the change in state can be made to take 
place reversibly. Such a process will now be described. 

In the process an apparatus like that shown in the figure will be 
employed. This apparatus consists of a reservoir and of a number of 
cylinders which communicate with it through walls, each of which is 
permeaUe for only one of the gases. These walls can be replaced at 
wiU by impermeable ones. The cylinders, which serve to hold the 
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separate gases, are provided with weighted frictionless pistons. The 
reservoir contains a mixture of the gases at any partial pressures 
pky Pb,' pEf pj9' -^t which the chemical change is in equilibrium. 

Starting now with a mols of A, b mols of B,. . at pressures /^a ^ ^'. . 
in their respective cylinders, consider the following process to be 
carried out at the temperature T under reversible conditions, always 
keeping the external pressure on any piston equal within an infinitesi- 
mal amount to that of the gas beneath. 

1. The cylinders being dosed temporarily by impermeable walls, 
raise or lower the pistons above the gases A, B,. .till the pressures 
change from p/, Pb\' -to those, pAy Pb- -t prevailing in the equilib- 
rium-mixture. 

2. Replace the impermeable walls by semipermeable ones, and force 
the a mols of A, b mols of B,. .into the reservoir, at the same time 
drawing out into the other cylinders at the pressures pz, Pw,^ .pre- 
vailing in the equilibrium-mixture, the e mols of E, / mols of F,. i 
which must form spontaneously out of A, B,. .in order that the equi- 
libriimi in the mixture may be maintained. 

3. Replace the semipermeable walls under the gases E, F,. .by 
impermeable ones, and raise or lower the pistons above the gases 
E, F,. .tin the pressures change from the equilibrium-pressures 
pEy pwf to the final pressures p/, p/. . 

By formulating, as is done in Prob. 21 expressions for the free- 
energy decrease attending each of the steps in this process and sum- 
ming up the three values, there is obtained in the case that all the 
pressures involved are so small that they conform substantially to 
the perfect-gas law the following expression for the free-energy decrease 
attending an isothermal chemical change between gaseous substances: 

-AP-RT (log ^5l% - log ^P^) . 

Prob. 21, — Derivation and Significance of the Pree-Energy EquaHon, 
a. Formulate expressions for the free-eneigy decrease attending each 
of the three steps in the process described in the preceding text. b. By 
combining these expressions derive the free-energy equation there 
given, c. State expUdtly the change in state to which this equation 
appUes and the difference in the significance of the pressures in the 
two logarithmic terms; and name a familiar quantity that may be 
substituted in one of these terms, d. Give the form which the equation 
assumes when the initial and final partial pressures are all imity. 
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Proh. 22. — Evaluation of the Free-Energy Decrease, — a. Calculate 
the free-energy decrease in calories attending at 2000^ the change 
2Hs(o.i atm.) +Os(o.5 atm.) » 2H20(i atm.) from the fact that water- 
vapor at 2000^ and i atm. is 1.85% dissociated into hydrogen and 
oxygen, b. Calculate also the free-energy decrease at 2000^ when the 
initial pressures of the hydrogen and the oxygen (as well as the final 
pressure of the water-vapor) are each i atm. Ans. b, 57,120. 

Prob. 23. — Derivation of the Mass-Action Law. — Derive the mass' 
action law expressed in terms of pressures by considering in the deriva~ 
tion of the free-energy equation that the same change in state is brought 
about by two reversible processes of the type described in the text 
difFering in the respect that different equilibriimi mixtures are contained 
in the reservoir. 

Prob. 24. — Relation of the Free-Energy Change to the Tendency of 
the Chemical Change to Take Place. — a. Show by the mass-action law 
that) when the pressures of the substances in a gaseous mixture are 
such that the free-energy decrease attending the reaction as computed 
by the free-energy equation has a positive value, the reaction as written 
takes place spontaneously from left to right; and that, when the pres- 
sures are sudi that the computed free-energy decrease has a negative 
value, the reaction as written takes place spontaneously from right to 
left; and therefore that the reaction always takes place in that direction 
in which there is a positive free-energy decrease, b. Show that equi- 
librium prevails when the pressures of the substances in a gaseous 
mixture are such that the computed free-energy decrease is zero. 

The conclusions reached in the preceding problem afford another 
example of the following general principles, already shown in Art. 139 
to apply to the transfer of substances between phases: 

(i) When at any definite temperature the pressures or conc^itra- 
tions of the substances present in a system are such that a change in the 
state would be attended by zero change in free-energy, the substances 
involved in that change are in equilibrium with each other. That is, 
the condition — AF=o is a criterion of the equilibrium of the sub- 
stances involved in any change in state. 

(2) When at any definite temperature the pressures or concentra- 
tions are such that a change in the state of the system would be 
attended by a change in its free-energy, the change tends to take place 
in that direction in which the free-energy actually decreases. That 
is, a system can spontaneously change its state only in that direction 
for which —AF is positive. 

141. The Free-Energy Equation for Chemical Changes between 
Perfect Solutes. — It can be shown, as is done in Prob. 25, that the 
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free-energy decrease attending at the temperature T the chemical 
change: 

aA(at O + ftB(at CbO- . = tfE(at c') +/F(at c/). . , 

where A, B. .£, F,. .are dissolved substances at the concentrations 
C/!, CB^. .Ce^ Cj'. . , which are so small that the substances behave as 
perfect solutes, is given by the equation: 

In this equation, which is obviously closely analogous to that for 
gaseous substances, the quantities Ca, ^bi. -^b, Cy,. .are any small 
concentrations at which the substances are in equilibrium. 

Pfoh, 25. — DeriwUion of the Free-Energy Equation. — Derive the 
free-energy equation given in the preceding text by considering that 
all the solutes are volatile and that the change in state is brought about 
by vaporizing A, B, . . out of their solutions, converting them into E, 
F, . . in the gaseous state by the process described in the text of Art. 140, 
and condensing £, F, . . into their solutions; each of these changes being 
carried out under equilibrium-conditions so that it may be reversible. 
Represent by p/j Pa, . -Pz, Pz. .the partial vapor-pressures correspond- 
ing to the concentrations c/, Ca,. .^E^ Cz,. ., and assume that in ac- 
cordance with Henry's law the pressures and concentrations are pro- 
portional. 

Prob, 26. — Evaluation of the Free-Energy Decrease. — Calculate 
the free-ener?y decrease that attends at 25** the chemical change 
NH4+(at 0.1 f.) -f CN-(at o.i f.) = NH,(at o.i f.) -f- HCN(at o.i f.), 
assiuning that NH4CN in 0.1 formal solution at 25** is 47% dissociated 
into NH< and HCN, and that the remainder of the salt is completely 
ionized. 

Althou^ this free-energy equation was derived above imder the 
assumptions that the solutes are volatile and that their concentrations 
and vapor-pressures are so small that Henry's law is applicable, it 
can be shown that this equation (like equation (3) of Art. 138) is 
valid provided only that the concentrations are so small that the 
solutes conform to the laws of perfect solutions. 

The mass-action law for perfect solutes can be derived from this 
free-energy equation just as the mass-action law for perfect gases 
was derived in Prob. 23 from the free-energy equation of the preceding 
article. The validity of the mass-action law therefore involves only 
that of the laws of perfect solutions or of perfect gases; and it will hold 
true when applied to any definite chemical change with a degree of 
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exactness corresponding to that with which the substances involved 
conform under the given conditions of concentration or pressure to 
the laws of perfect solutions or of perfect gases. 

142. The Free-Bnergy Equations for Chemical Changes between 
Solid Substances and Perfect Gases or Perfect Solutes. — When 
pure solid substances are involved in a chemical change with gaseous 
or dissolved substances it is not necessary to include in the free-energy 
equation their pressures or concentrations; for these would obviously 
have the same value (that of the vapor-pressure or solubiUty of the 
solid) in the two logarithmic terms corresponding to the equilibrium 
conditions and to the initial and final conditions. The same is true 
of the pressure of a pure liquid when it is involved in a chemical change 
with gaseous substances that are not much soluble in it, as in the 
formation of Uquid water from hydrogen and oxygen. 

EvaluaHon of the Free-Energy Decrease. — 

Prob, 27. — Calculate from the data of Prob. 39, Art. no, the free- 
energy decrease attending at 25^ the chemical change: 
NH4SH(s) =NHi(i atm.) -|-H,S(i atm.). 
Prob. 28. — Calculate from the data of Prob. 41, Art. no, the free- 
energy decrease, attending at 357*^ the change in state: 

Hg© +iOt(i atm.) -HgO(s). 
Prob. 2Q. — Calculate from the data of Prob. 54, Art. 112, the free- 
energy decrease attending at 25^ the chemical change: 

AgSCN(s)-hBr- (0.1 f.) - AgBr(s) -hSCN" (0.1 f.). 
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THE PRODUCTION OF WORK FROM ISOTHERMAL 
CHANGES BY ELECTROCHEMICAL PROCESSES 



I. CHANGES IN STATE AND IN TREE ENERGY IN VOLTAIC CELLS 

143. IntrodttctioiL — It has been shown in the preceding chapter 
that the free-energy decrease attending changes in state can be derived 
from the consideration of certain mechanical processes by which the 
changes in state take place reversibly; and thereby important rela- 
tions between free energy and the equilibrium conditions of chemical 
reactions have been deduced. In this chapter it is shown that electro- 
chemical processes afford another means of carrying out changes in 
state reversibly and hence of evaluating the free-energy decrease 
attending them. The changes in state occurring in voltaic cells are 
first considered (in Art. 144). The electromotive force of voltaic 
cells, the production of work by them, and the corresponding free- 
energy decrease are then treated (in Art. 145) in their general aspects. 
In the following articles these general principles are applied to the 
determination of the electromotive force and of the separate electrode- 
potentials of special types of ceUs. 

144. Changes in State in Voltaic Cells. — A change in state can be 
made to yield electrical energy when it can be brought about by a 
process of reduction occurring in one place and a process of oxidation 
occurring in another place; for it is an inherent characteristic of reduc- 
tion processes that they are attended by a liberation of positive 
electricity or by an absorption of negative electricity, and of oxidation 
processes that they are attended by the opposite electrical effects. 
Thus the reduction of copper-ion to metallic copper may be repre- 
sented by the equation Cu"*^ = Cu + 2© ; and the oxidation of metaUic 
zinc to zinc-ion, by the equation Zn+ 2© =Zn''~'", where the S5nnbol © 
denotes, as in Art. 63, one positive electron or one faraday of positive 
electricity. If these two processes occiu: at the same place, as is the 
case when metallic zinc is placed in a copper-ion solution, no electrical 
effect is observed. If, however, the zinc is placed in a zinc-ion 
solution and the copper in a copper-ion solution, and if the two solu- 
tions are placed in contact, the reduction-process tends to occur at 
one place and to liberate positive electricity there, and the oxidation- 
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process tends to occur at another place and to absorb positive electric- 
ity there, thereby producing a difference of potential or an electro- 
motive force between the two places; and if they are now connected 
by a metallic conductor, a current of electricity will flow through it, 
and this current can be made to produce work, for example, by passing 
it through an electric motor. Such an arrangement as that here 
described, in which an electromotive force is produced as a result of 
an oxidation-process and a reduction-process occurring at two different 
places, is known as a voltaic cM. 

It has been shown in Art. 136 that the quantity of work that can 
be produced by any isothermal process is determined solely by the 
change in state of the system. Hence the maximum work producible 
by the action of a voltaic cell is fully determined by the initial and 
final states of the substances of which it consists; and in any case under 
consideration these states, or the corresponding change in state, must 
be exactly specified. Thus, thei:^ must be stated, in addition to the 
temperature? not merely the cbe^icalj£a£ljpa'jhat takes place in 
the cell, but also the con ditiQn s-dfS)ressure anaconcentration under 
which the substances involved in it are produced and destroyed, and 
any transfers of substances from solutionsof one composition_tq those 
of another composition. 

In order that there may not be a finite change in the concentrations 
of the solutions, and therefore in the electromotive force of the cell, 
during the occurrence of the change in state, it will always be consid- 
ered that the solutions are present in infinite quantity, so that when a 
finite quantity of any substance is introduced into or withdrawn from 
one of the solutions of the cell there is only an infinitesimal change 
in its concentration. This method of consideration is much simpler 
for the treatment of the heat-content, free energy, and electro- 
motive force of solutes than the closely related one, commonly 
employed in the formulations of the differential calculus, where the 
introduction of an infinitesimal quantity of the solute into a finite 
quantity of the solution would be considered; for it enables equiva- 
lent or molal quantities of the solute to be directly dealt with. 

The character of the cell imder consideration will be shown by 
writing the S3nnbols of the pure substances and solutions in the order 
in which they are actually in contact with one another, commas being 
inserted to indicate the junctions at which, as will be explained later, 
an electromotive force is produced. The conventions described in 
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Arts. 109 and 129 will be employed to indicate the state of aggregation 
of substances and the composition of solutions. Thus a cell consisting 
in series of metallic zinc, of a zinc chloride solution of the composition 
ZnCb-iooHsO, and of metallic mercury covered with solid mercurous 
chloride, at a pressure of one atmosphere (as is always understood 
unless some other pressure is specified), will be represented by the 
expression: 

Zn(s), ZnClj.iooHjO, Hg2Cl2(s)rHHgO). 

Similarly, a cell whose electrodes are an inert metal M in contact with 
hydrogen gas at i atm. and the same metal in contact with chlorine 
gas at 0.05 atm., and whose electrolyte is a o.i formal HCl solution^ 
will be represented by the expression: 

M+Hi(g) (i atm.), HCl(o.i f.), Cl«(g) (0.05 atm.)+M. 
Or simply: HCi atm.), HCl(o.i f.), Cl«(o.o5 atm.). 

So also a lead storage-cell whose electrodes are lead and an inert metal 
coated with lead dioxide, and whose electrolyte is a sulfiuic acid 
solution, say of the composition H2SO410H2O, saturated with lead 
sulfate, will be represented by the expression: 

Pb(s) -hPbS04(s), HaS04.ioHA PbS04(s)+Pb02(s). 

/v The change in stat e taking place in a cell may be expressed by an 
equation whose left-hand member represents the initial state, and 
whose right-hand member represents the final state, of the substances 
involved in the change. Thus the changes of state occurring when at 
25® two faradays pass from left to right (as is always understood 
unless the opposite is specified) through the first two cells just formu- 
lated are shown by the equations : 

Zn(s) -t-Hg^OiCs) = 2Hg(l) +Zn++Cl-2(in ZnCU.iooHO) at 2S^ , 
H2(i atm.) +02(0.05 atm.) = 2H+Cl-(at o.i f.) at 25^ 

SCJ^e changes in state resulting from the separate electrode processes 
y/may be expressed by electrochemical equations similar to those de- 
scribed in Art. 63, but showing also the composition of the solutions 
in which the ions are produced or destroyed. Thus in the case of the 
first two of the above cells the changes in state at the anode and 
cathode may be represented by the equations: 

Zn(s) + 2© =Zn++ (in ZnCl2.iooH20). 
HgjCKs) = 2Hg(l) + 2CI- (in Znai.iooH20) + 2©. 
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When, as in these cells, a gaseous or a solid non-metallic substance 
is in contact with a metal electrode, the adjoining solution is under- 
stood to be saturated with that substance. In such cells there are 
therefore in reality two different solutions, even though for the sake of 
brevity only one may be written in formulating the cell. Thus these 
cells ought strictly to be represented by the following expressions, in 
which si. denotes the formal solubility of the substance in the solution 
in contact with it, thus of Hg^Cb in a solution of ZnCls.iooHaO: 

Zn(s), ZnClj.iooHiO, ZnCli.iooHiO+Hg2Ct(5 f.), HgjCl2(s)-|-Hga). 

HaCi atm.), HCl(o.i f.)+Hi(5 f. or 0.00076 f.), HCl(o.i f.)-f- 
012(5 f. or 0.0044 f.), Clj(o.o5 atm.). 

Pb(s)-|-PbS04(s), Hj|S04.ioH20+PbS04(5 f.), H2S04.ioH,0+ 
PbS04(5 f.)+Pb(S04)i(io-*f.), PbS04(s)-|-PbQ,(s). 

The recognition of the fact that there are in such cells two solutions 
of slightly different comix)sition is of great importance in considering 
the mechanism of voltaic action and in evaluating the electrode-poten- 
tials disaissed in Arts. 150-152. 

When, as in the three cells just considered, the cell contains two 
solutions of substantially the same composition (in the respects that 
in both solutions the ions present at considerable concentrations are 
the same, that the concentrations of these ions are substantially the 
same, and that the solvent-medium as a whole is substantially the 
same), the ion^ transferences need not be considered; for, though there 
is transference from the solution around one electrode to that around 
the other electrode, there is not an appreciable free-energy change, 
since the two solutions have substantially the same composition. 

Changes of State in Cells tvWi a Single Solution, — 
Prob. I. — Formulate an electrochemical equation which expresses 
fully the change in state that takes place at each electrode when two 
faradays pass through the hydrogen-chlorine cell above mentioned; 
and derive from these equations the expression for the change in state 
taking place in the cell as a whole. 

Prob. 2. — Formulate electrochemical equations expressing the 
changes in state at the electrodes when two faradays pass at 20^ 
through the lead storage-cell formulated above; and derive from them 
a corresponding expression for the change of state in the cell as a whole. 

When the cell contains around the two electrodes solutions of 
substantially different composition, as in the cells formulated in 
Prob. 3, it is necessary to consider not only the processes that take 
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place at the two electrodes, but also the tra nsference that occurs )/ 
in the solutions; f or in such cells the ion-constituteiils "aretransfefria ^ 
Irom a solution of one composition to a solution of another composition. 

Changes in State in Cells with Two Solutions, — 
Pfoh. 3. — Write equations expressing (i) the changes in state which 
take place as a result of the electrolysis, (2) the changes in state 
brou^t about by the transference of the ions, and (3) the resultant 
change in state in the cell as a whole, when one faraday passes at 18° 
through each of the following cells, taking 0.166 as the transference- 
number of the chloride-ion in the two HCl solutions: 

fl. H2(i atm.), HCKo.oi f.), HCl(o.i f.), HsCi atm.). 
h. aj(i atm.), HCl(o.oi f.), HCl(o.i f.), CU(i atm.). 
Note that the transference effects in these cells are similar to those 
described in Art. 64, the left-hand solution being regarded as the anode- 
portion and the right-hand solution as the cathode-portion. 

146. The Production of Work and the Corresponding Decrease of 
Free Energy in Voltaic Cells. — In general, when a quantity of positive 
electricit;^_g_flQws between two places, such as the electrodes of a 
voltaic cell, between which there is a fall of potential or electromotive 
force ^£jb-the direction of the flow, a quantity of work equal to the 
product Eji-ean be produced. Now, according to Faraday's law 
(Art. 62), the quantity of electricity flowing through a voltaic cell is 
strictly proportional to the number of equivalents n that are involved in 
the chemical change at each electrode; .that is,vQ =nf, where f repre- 
sents the quantity of electricity (96,500 coulombs) that passes when a 
reaction involving one equivalent of each of the reacting substances 
takes place at each electrode. The maximum electrical work that 
can be obtained when n faradays of electricity pass through a voltaic 
cell which produces an electromotive force e is therefore equal to enf. 

When a voltaic cell acts reversibly there is ordinarily produced, 
in addition to the electrical work, a quantity of mechanical work 
corresponding to the changes in volume of the different parts of the 
ceU taking place under their respective pressures. The total work 
Wr is therefore ENF + S(^At>). Since by definition (Art. 136) the 
'free-energy decrease is equal to Wr— A(S/^), it is equal simply to the 
electrical work that can be produced. That is, for any change in 
state taking place in a voltaic cell under constant pressures: 

— AF = ENF. 

The numerical value of the electromotive force e of the cell will 
in this book be given a positive sign. when the cell tends to produce 
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a current of positive electricity through the cell in the direction in 
which it is written, and a negative sign when the cell tends to pro- 
duce such a current in the opposite direction. The S)anbol n wiU denote 
the number of faradays of positive electricity that are considered 
to pass through the cell from left to right, its numerical value being 
given a negative sign when positive electricity is considered to pass 
in the opposite direction. The maximum electrical work and the 
free-energy decrease calculated by the equation will then have, as 
usual, a positive sign when the cell produces electrical work, and a 
negative sign when external work is expended upon the cell. Its 
value will be in joules when the electromotive force is in volts and the 
quantity of electricity in coulombs. 

The Maximum Work and Pree-Energy Decrease Attending Changes 
in Voltaic Cells. — 

Prob. 4. — The electromotive force at 15® of the Daniell cell, 
Zn(s) +ZnS04.7H20(s), ZnS04(rf .), CuSOiCj f .), CuS04.5H,0(s) +Cu(s), 
is 1.093 volts. Give the value of nf in coulombs and o.f the electrical 
work in joules required to deposit iZn on the electrode; and state what 
the sign of each of these quantities signifies. 

Prob, 5. — a. Calculate exact values of the electrical work and the 
mechanical work that are produced when i f araday passes under revers- 
i\Ae conditions through the cell H2(i atm.), HCl(o.i f.)t CUCo.os atm.) 
at 25®. The electromotive force of this cell is 1.451 volts. 
The increase in the volume of an infinite quantity of o.i f. HCl solu- 
tion caused by introducing iHCl into it is 18.7 can. b. Find the 
corresponding free-energy decrease. 
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n. THE ELECTROMOTIVE FORCE OF CELLS UNDERGOING ONLY 
CHANGES IN CONCENTRATION OR PRESSURE 

146. Change of the Electromotive Force of Voltaic Cells with the 
Concentration of the Solutions. — The considerations of the preceding 
articles make it possible to calculate the change that is produced in 
the electromotive force of a cell by varying the concentration of the 
solutions contained in it. Thus the diflFerence between the electro- 
motive forces of the cells H2(iatm.), HCl(o.ooi f.), AgCl(s)+Ag(s) 
and H2(i atm.), HCl(o.if.), AgCl(s)+Ag(s) can be derived by con- 
sidering that one faraday passes through these two cells arranged in 
series in opposition to each other, by noting what the resultant change 
in state is, and by equating the two expressions for the attendant 
free-energy decrease derived in Arts. 145 and 138. 

The exact treatment of such cells is complicated by the uncertainty 
as to the degree of ionization of largely ionized substances and by the 
fact that their ions are not perfect solutes. A rough approximation 
to the truth is, however, secured in electrochemical calculations, as in 
those relating to mass-action, by employing the hypotheses that these 
substances are completely ionized up to moderate concentrations, 
such as I formal, and that their ions are perfect solutes. These 
hypotheses are to be applied to these substances in all the problems 
of this chapter, imless otherwise stated. The errors to which these 
hypotheses lead will be indicated in some cases by a comparison of the 
calculated with the observed values. 

Ejject oj Cancmtration an Electromotive Force, — 

Prob. 6. — Calculate the difference between the electromotive forces at 
25** of the two cells formulated in the preceding text. Compare the 
result with the difference between the observed electromotive forces of 
these cells, which are 0.5789 and 0.3522 volt. 

Prob, 7. — Calculate the difference between the electromotive force 
at 25® of the ceU Hj(i atm.), HCl(io f.), Cl2(i atm.) and that of the 
cell Hi(i atm.), HC1(6 f.), Cls(i atm.). The vapor-pressures of HCl 
in the two solutions at 25° are 4.2 and 0.14 mm. 

Prob, 8. — State what data are needed in order to calculate the electro- 
motive force El at 18** of the cell Hi(i atm.), HiS04(io f.), Oj(i atm.) 
from that Ei of the cell Ha(i atm.), HtSOiCo.oi f.), 0«(i atm.); and 
formulate an expression by ^hich the calculation could be made. 

Prob. p. —The cell Ag(s) +AgCl(s), HCl(o.i f.), CU(i atm.) has at 25^ 
an electromotive force of 1.135 volts. How much would its electro- 
motive force be changed by substituting HCl(o.oi f .) for the HCl(o.i f .)? 
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^Measurements with such combined or double cells form the basis 
of one of the important methods by which values of the activity- 
coefficients, such as are given in the table of Art. 113, can be 
derived. The value of the electromotive force gives directly 
the free-energy decrease, and from this by equation (4) of Art. 138 
the ratio of the products of the activities of the ions in the two solu- 
tions and of their activity-coefficients can be computed, as is illus- 
trated by the following problems. 

* Derivation of lon-Activity-Coefficients from Eleciromotive Forces. — 
*Prob, 10. — .a. From the observed values, 0.5789 and 0.3522, for the 
electromotive forces of the cells formulated in the text and considered 
in Prob. 6, calculate the ratio of the products of the activities of hydro- 
gen-ion and chloride-ion in o.i formal and in o.ooi formal HCl solution. 
b. Find the ratio of the ion-activity-coefficients at o.i formal and 
o.ooi formal, assimiing that hydrogen-ion and chloride-ion have equal 
activities in the same solution. 

*Proh II, — At 25° 0.224 volt is the electromotive force of the cell: 
Hga)+HgO(s),KOH(o.45f.),K«Hga),KOH(o.oo45f.),HgO(s)H-Hg(l), 
where K«»Hg represents a solution of potassium in mercury of definite 
but unknown concentration. Find the ratio of the ion-activity-coeffi- 
cients of KOH in the two solutions, assuming that the two ions have 
equal activities at the same concentration. 

147. The Electromotive Force of Concentration-Cells. — A cell 
which consists of two identical electrodes and of two solutions con- 
taining the same substance at two different concentrations is called a 
concerUration-ceU. The cell, Zn(s), ZnCla(o.i f.), ZnClsCcoos f.), Zn(s), 
is an example of a concentration-cell, as are also the cells for- 
mulated in Prob. 3, Art. 144. 
I The electromotive force of a concentration-cell containing the 
^ solute at small concentrations can be calculated by considering the 
changes in concentration that occur at each electrode as a result 
both of the electrolysis and the transference, when n faradays pass 
through it, by formulating in accordance with Art. 138 an expression 
for the free-energy decrease attending these concentration changes, 
and by equating this expression with e nf. 

Evaluation of the Electromotive Force of Concentration Cells, — 
Prob, 12, — Calculate the electromotive force at 18®, a, of the cell 
formulated in Prob. z<^ above; b, of the cell formulated in Prob. 36. 
c. Formulate general algebraic expressions involving the concentrations 
c' and c" and the transference-number Ta or Tc, for the electromotive 
force of cells like these, in which the cation, or the anion, is involved in 
the electrode process. Ans. a, 0.0192. 
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Prob, 13, — Calculate the electromotive force at 18** of the following 
cell, using as the transference-number that derived from the ion-con- 
ductances given in Art 76: Zn(s), 21nCls(o.i f.)> ZnCls(o.oo5 f.), Zn(s). 
Ans. —0.0660. 

*Proh. 14, — Calculate the electromotive force at 25° of the cell 
Ag-hAgCl, KCl(o.5 f.), KCl(o.o5f.), AgCl+Ag, taking 0.504 as the 
transference-number of the chloride-ion^ a, assimiing that the salt is 
completely ionized and that its ions are perfect solutes; h, assuming that 
the salt has ionization values equal to the conductance-viscosity ra^os 
as given in the table in Art. 113 and that its ions are perfect solutes; 
Cy using the values of the ion-activity-coefficients given in the table in 
Art. 113. d. Tabulate these three results together with the experi- 
mentally determined value (0.0536 volt) of the electromotive force. 

Another type of concentration-cell is that in which there is a single 
aqueous solution in contact with electrodes consisting of some metal 
dissolved at two different concentrations in mercury. For example, 
the cell Zn.iooHg, ZnCls.iooI^, Zn.2ooHg is of this type. Since 
most of the metals dissolved in mercury at small concentrations have 
been shown by vapor-pressiure and freezing-point measiurements to be 
nearly perfect solutes having monatomic molecules, the electromotive 
force o£ cells having such solutions as electrodes can be calculated 
with the aid of the preceding considerations. 

A similar type of concentration-cell is that in which the two elec- 
trodes consist of some inert metal surrounded by the same gas at 
two different pressures, as in the oxygen cell M+OaCi atm.), KOH(i f.), 
02(0.1 atm.)+M. 

EleciromoHve Force of Cells wUh the Electrode Substance at Different 
Concentrations. — 

Prob, 15. — Calculate the electromotive force at 18® of the zinc- 
mercury ceU formulated in the preceding text. 

Prob. 16. — Calculate the electromotive force at 25** of the oxygen 
cell formulated in the preceding text. 
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m. TSE ELECTROMOTIVE FORCE OF CELLS UNDERGOING CHEMICAL 
CHANGES AND ITS RELATION TO THEIR EQUIUBRIUM CONDITIONS 

148. Chemical Changes in Voltaic Cells. — In the cells thus far 
considered the change of state consists only in a transfer of one or 
more of the substances from one pressure or concentration to another. 
In most voltaic cells, however, a chemical change takes place. Thus 
in the Daniell cell the reaction Zn(s)+CuS04=Cu(s)+ZnS04 occurs. 
Other examples of cells in which similar chemical changes take place 
are given in Art. 144. 

A chemical change somewhat different in character from those 
just considered takes place in cells whose half-cells consist, not of solid 
or gaseous elementary substances in contact with solutions of their 
ions, but of an inert metal electrode in contact with two solutes in 
different stages of oxidation. Thus the electrode-reactions in the cell 
M, Fe++Cl-2(ci)+Fe+++Cl-8(c2), C\-'{cz)+C]^{ca), M, attending the 
passage of one faraday are Fe"^+® ^Fe"*"^^ and iCl2=Cl"+0, 
and the whole reaction is Fe"^Cl"2+iCla=Fe'*"++Cl~8. Such cells do 
not, however, require special treatment; for the principles applicable 
to other cells can be readily extended to them, as will be seen in the 
following articles. 

149. The Electromotive Force of Cells in Relation to the Equi- 
librium Conditions of the Chemical Reactions. — The free-energy 
decrease attending chemical changes between substances at any 
pressures or concentrations is given (as shown in Art. 145) by the 
general expression — AF = enf, in which e represents the electromotive 
force of a voltaic cell in which the chemical change takes place re- 
versibly. Another form of expression for the free-energy decrease 
attending chemical changes between substances at small pressures or 
concentrations was derived in Arts. 140-142 from a consideration 
of their equilibrium conditions. Combination of these two expressions 
leads to the following relation between the electromotive force e of 
the cell, the equilibrium-constant K of the chemical change taking 
place in it, and the actual concentrations, Ce', Cf',. .Ck\ Cb', in the 
cell of the chemical substances involved in the chemical change: 

-AF=B>..=j?r(iog/r-iog^^;). 

When a gaseous substance is involved in the chemical change, its 
actual pressure may be substituted for its concentration in the last 
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term of this expression; but in that case its equilibrium pressure must 
be correspondingly substituted in the expression for the equilibrium- 
constant. 

This expression makes possible the calculation of equilibrimn- 
constants from electromotive forces, or conversely that of electro- 
motive forces from equilibrium-constants, as shown in the following 
problems. 

Calculation of EquUihriumrConstatUs from Electromotive Forces, — 

Proh, 17, — Calculate the dissociation:pressure in atmospheres of 
solid AgCl at 25° from the electromotive force, 1.135 volts, of the voltaic 
cellrAg(s)+4gGi(s), HCl(o.i f.), Cl»(i atm.). Ans, 4.2X10-™. 

Proh, 18, — a. Calculate the equilibrium-constant at 25® of the reac- 
tion Hi(g)-|-2AgCl(s)=«2H"^-|-2Cl'~-|-2Ag(s) from the electromotive 
force, 0.3522 volt, of the cell Hi(i atm.), HCl(o.i f.), AgCl(s) + Ag(s). 
b. Calculate the equilibriiun pressiu'e in atmospheres of the hydrogen 
gas that would be produced by the action of metallic silver on 
I f. HCl solution. Ans, 6, 1.2X10"'". 

Prob, ig, — a. From the data given in Probs. 17 and i8a find the 
electromotive force of the cell Hi(i atm.), H''"Cl""(o.i f.), Cl»(i atm.). 
b. Calculate f«»s -this electromotiveJoirce the equilibrium-constant of 
the reactioii Hi^g) -j-ClaCg) = 2H''" -h 2C1~. . c. Calculate this equilibrium- 
constant from tli'e^equilibrium-cohstants foimd in Probs. 17 and i8a. 
Ans, b, 1.9 X 10**. 

Calculations of Electromotive Forces from EquilibriumrConsiants, — 
Prob. 20. — a. Calculate the electromotive force at 25** of the cell 
HiCi atm.), HfS04 (o.oi f.), Os(i atm.) from the equilibrium-constant 
at 2$** of the reaction 2HaO(g)=2Hi(g)H-Os(g), which has been in- 
directly derived from equilibrium measurements at higher temperature 
and foimd to have the value 9.7 X 10"**. The vapor-pressure of water 
at 25^ is 24 mm. b. Calculate the minim\lm electrical energy re- 
quired to decompose iHsO by the electrolysis of a o.i f. KQiLsplution 
at 25** imder a barometric pyressure of 784 mm. Ans, ^1.228. 

Prob. 21. — a. Calculate the electromotive force at 25** of the cell 
Clj(i atm.), HCl(io f.), Oj(i atm.) from the equilibriiun-constant of the 
reaction 4HCl(g)H-0«^) = 2HiO(g)-|-2Cl2(g), which has been derived 
from measurements at higher temperatures of the equilibriiun of this 
reaction (involved in the Deacon process of producing chlorine), and 
foimd to have at 25® the value i.oXio". The vapor-pressures at 25** 
of HsO and HCl in 10 f. HCl solution are 9.4 mm. and 4.2 mm., respec- 
tively, b. Assiuning the process could be made reversible, calculate 
bow much electrical energy might be obtained in producing i mol of 
chlorine gas by an electric current passing through a 10 f . HCl solution 
at 25^ between electrodes of an inert metal under a barometric pressure 
of 750 mm., the solution around the cathode being kept saturated with 
air. Ans, a, 0,1151,. 
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TV. ELECTRODE-POTENTIALS AND LIQUID-POTENTLALS 

ISO. The Nature of Electrode-Potentials. — The electromotive 
force produced by a voltaic cell is the sum of the electromotive forces 
produced at the junctions between the electrodes and the solutions 
and of the electromotive forces produced at the junctions between the 
different solutions that may be present in the cell. Thus the electro- 
motive force of the Daniell cell is the algebraic sum of the electro- 
motive force from the zinc to the zinc sulfate solution, that from the 
zinc sulfate solution to the copper sulfate solution, and that from the 
copper sulfate solution to the copper. The electromotive forces at the 
electrodes are commonly called electrode-potentials; and those at the 
jimctions of the solutions, liquid-potentials (or diffusion-potentials). 

The consideration of these partial electromotive forces is important 
in the respects that it shows more clearly the separate factors which 
determine electromotive force and the mechanism by which it is 
produced; that it enables the electromotive force of a large number 
of cells to be calculated from a small number of experimentally deter- 
mined constants; and that it affords a simple means of predicting the 
equilibrium conditions of oxidation and reduction reactions. The 
factors on which dectrode-potentials depend will be first considered. 

Like ordinary chemical changes, the electrochemical reactions that 
occur at electrodes have definite equilibrium conditions, and take 
place in one direction or the other till these conditions are satisfied. 
For example, when a neutral plate of copper is placed in a o.i formal 
CUSO4 solution at 25®, the equilibrium conditions of the reaction 
Cu(s)+2© =Cu"^ require that copper ions deposit on the plate. This 
gives the plate a positive charge, and raises it to a. higher potential 
than the solution. This creates a counter electromotive force which 
tends to drive positive electricity, and therefore the positively charged 
copper ions, back into the solution. Equilibrium is established when 
this counter electromotive force just compensates the electromotive 
force arising from the mass-action tendency of the copper ions to 
deposit. In other cases the tendency of the reaction to take place 
may produce an electromotive force directed from the metal to the 
solution. For example, in order to satisfy the equilibriiun conditions 
of the reaction Zn(s) + 20 s= Zn++, zinc placed in contact with o.i 
formal ZnS04 solution must pass into the solution as zinc ions until 
enough positive electricity accumulates in the layer of solution adjoin- 
ing the electrode to produce a counter electromotive force equal to that 
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corresponding to the tendency of the zinc to pass into solution. In 
general, starting with a definite concentration of the ion and definite 
pressure of the gas (in case a gas is involved) at a definite temperature 
and with electrically neutral conditions, the reaction will proceed 
on the surface of the electrode in one direction or the other till enough 
positive or negative electricity is accumulated on the electrode and 
withdrawn from the adjoining layer of solution to produce a potential- 
difference sufficiently great to compensate the inherent tendency of 
the chemical reaction to take place. 

The quantity of ion that has to deposit on the electrode or be 
produced in the solution in order to bring the electrode to the equi- 
librium potential, which seldom exceeds one or two volts, is however 
extremely small, owing to the very large value of the faraday in rela- 
tion to the quantity of electricity which produces considerable elec- 
trostatic effects. Thus when a large glass flask containing dilute 
sulfuric add is coated on the outside with tinfoil and the latter is 
charged with positive electricity at 1000 volts, and when a capillary 
mercury electrode is inserted in the acid solution and this electrode is 
connected to earth, it is found that a bubble of gas consisting of io~*® 
equivalent of hydrogen is set free on the surface of the mercury. 

151. The Expression of Electrode-Potentials. — Although attempts 
have been made to determine by various experimental methods 
the absolute values of electrode-potentials, yet the measurements 
made by these methods are not nearly so accurate nor reliable as those 
of the electromotive force of ordinary cells. It is therefore customary 
to adopt as the value of the electrode-potential of any half-cell (such 
as Zn(s),ZnCl2.iooH20) the electromotive force of a whole cell which 
consists of the half-cell under consideration combined with a standard 
half-cell. The electrode-potential of the standard half-cell is thereby 
arbitrarily assumed to be zero. Various half -cells have been used 
as such standards of reference; but it has now become a fairly uniform 
practice to employ the molal hydrogen decirode, which consists of 
hydrogen gas at a partial pressure of one atmosphere in contact, with 
the aid of an inert metal electrode (such as platinized platinum), with 
an aqueous solution i molal in hydrogen-ion. This half-cell is re- 
presented by the formula H2(i atm.), H+(i m.). In this book this 
half-cell will always be used as the standard of reference; it being 
further specified that the solution has such a hydrogen-ion concen- 
tration that it produces the same thermodynamic and mass-action 
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effects as a solution containing i mol of hydrogen-ion per 1000 grams of 
water would produce if the hydrogen-ion were a perfect solute at that 
concentration. (* In other words> the activity as defined in Art. 113, 
not the concentration, of the hydrogen-ion is to be i molal.) The 
ekctrode-potential of any half-cell is therefore equal to the electro- 
motive force of the whole cell formed by combining it with this stand- 
ard half-cell. Thus the electrode-potential of the half-cell Zn(s), 
ZnCls.iooH20 is equal to the electromotive force of the whole cell 
Zn(s), ZnCU.iooHcO || H+(i m.), H2(i atm.); and the electrode-po- 
tential of the half-cell CU(i atm.), HCl(o.i f .) is equal to the electromo- 
tive force of the cell CfeCi atm.), HCl(o.i f.) || H+(i m.), HjCi atm.). 
It is, however, further understood that in evaluating this electromotive 
force the liquid-potential between the two solutions has been sub- 
tracted from the measured electromotive force of the whole cell — a 
fact which is indicated in the formulation of the cell by inserting 
parallel lines, instead of a comma, at the liquid junction, as is done in 
the cells just considered. 

It follows from these conventions that t he electrode-pot ential jias a 
positive sign when positive electricity ten ^ to flow"f ro m the 
to the solution, and a negative sign when ittends to iiow m the reverse 
direction. Hn using data from outside sources, it is to be noted that 
foreign electrochemists employ the opposite convention as to the sign 
of electrode-potentials. 

In the case of liquid-potentials the convention here adopted is the 
same as in the case of whole cells; namely, the liquid-potential is 
given a positive sign when positive electricity tends to flow from the 
solution whose s3mibol is written on the left-hand side to the solution 
whose s3mibol is written on the right-hand side; and it is given a 
negative sign in the reverse case. 

Proh. 22, — Conventions ReUUing to Electrode-Potentials and Liquid- 
Potentials, — a. Formulate the whole cell whose electromotive force 
is equal to the electrode-potential of the half-cell' Ag(s) +AgCl(s), 
KCl(o.i f.). b. From the facts that at 25** this electrode-potential is 
—0.289 vol^ and that of Hi(i atm.)i HCl(o.i f.) is 0.064 volt, and that 
the liquid-potential of KCl(o.i f.), HCl(o.i f.) is — 0.028 volt, calculate 
the electromotive force of the cell 

H,(i atm.), HCl(o.i f.), KCl(o.i f.), AgCl(s)-|-Ag(s). 

152. Change of Electrode-Potentials with the Ion-Concentrations, 
and the Concept of Molal Electrode-Potentials. — Just as the total 
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electromotive force of a cell is determined solely by the change in 
state that takes place in it, so any electrode-potential is determined 
solely by the change in state that takes place at the electrode. With 
the aid of this principle, by equating the two general expressions for 
free-energy decrease derived in Arts. 138 and 145, the change of an 
electrode-potential with the concentration of the ions or with that of 
any other gaseovis or dissolved substance involved in the electrode 
reaction can be formulated, as shown by the following problems, 
provided the concentrations are so small that the dissolved substances 
behave as perfect solutes. 

Prob. 23. — Change of EUctrode-PotetUial with the Concentration or 
Pressure oj the Substances Involved in the Electrode Reaction, — a. For- 
mulate an electrochemical equation eicpressing fully the change in state 
that occurs when two faradays pass from the electrode to the solution 
in the half-cell QXtif atm.), Cl~(c m.), and give an expression for the 
free-energy decrease in terms of Its electrode-potential £. h. Describe 
a process of producing this same change in state which involves three 
steps, of whidi one is brought about with the aid of half-cell C\% (i atm.), 
Cl~(i m.), whose electrode-potential is 1, and formulate expressions 
for the free-energy decrease that attends each of the three steps of the 
process and the process as a whole, regarding the substances as perfect 
solutes, c. Combine these results, in accordance with the law of 
initial and final states, so as to give an expression for the difference in 
the electrode-potentials of the two half-cells. 

The electrode-potential of a half-cell in which all the substances 
taking part in the electrode reaction are considered to be perfect 
solutes at a concentration of i molal or perfect gases at a pressure of 
I atm. is called the molal electrode-potential £ of the half-cell. The 
electrode-potential £ of any half -cell in which the electrode reaction 
is expressed by the equation: 

a A(at Ca). . +6B(at Pb). • +n© =«E(at c). . +/F(at pw). . 

is related to the molal electrode-potential £ of the reaction in the way 
shown by the general expression: 

RT . cg*. . pff. , 



E = £ log 



NF ° Ca*. . P 



b 



B 



This equation holds true strictly only for perfect solutes and perfect 
gases, and approximately for solutes or gases only at moderate con- 
centrations or pressures; and correspondingly, the molal electrode- 
potential is not that actually observed when the concentrations of the 
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' solutes are i molal, but is the value calculated by the equation for 
the concentration i molal from the electrode-potentials of half-cells 
containing the solutes at much smaller concentrations. (* In other 
words, the molal electrode-potential refers strictly to an activity, 
not to a concentration, of i molal.) In the problems of this chapter, 
however, unless otherwise stated, largely ionized substances are as an 
approximation to be regarded as completely ionized, and their ions 
are to be treated as perfect solutes up to a concentration of i 
molal. 

For convenience in numerical calculations it may be noted that, 
when ordinary logarithms are used, the coeflScient 2.^o^RT/n¥ pre- 
ceding the logarithmic term has the value 1.984 Xio~*r/N volt, or 
at 25° the value o.osqis/n volt. This last number, approximately 
0.059 volt, is evidently the amount by which the electrode-potential 
at 25® changes when the molality of any univalent ion involved in the 
dectrode reaction is varied tenfold. 

Relation between Actual and Molal Electrode-Potentials. — 

Prob, 24. — Derive by a consideration like that employed in Prob. 23 
the general expression given above. 

Prob. 25. — Write the electrochemical reaction that takes place when 
electricity passes from the electrode to the solution in each of the 
following half-cells, where the molalities of the solutes are represented 
(as in mass-action expressions) by their chemical formulas enclosed 
within parentheses; and formulate the corresponding expression for the 
relation between the molal electrode-potential and the actual electrode 
potential at these molalities: . 

fl. Zn(s), Zn++ at (Zn++) m. 

CI- at (C1-) m. 
Clt at (CU) m. 



K M, j 



M I^^~*^ (OH-)m. 
' \ 0» at ^o atm. 



, T,^ fFe-^-^at (Fe'^Tm. 

d. ^^ \Ye^^ sLt (Fe^^^) m. 

e, Hg(l)-hHg,S04(s), S04"at (SO4") m. 

/ n/i ! ^^^^ ^^ (Hg2++) m. -hCl- at (C1-) m. 
J' ^MHgCUat(HgClt)m. 

^ f MnO*" at (MnOi") m. 
^' ^' \MnO4-at (Mn04-) m. 

Prob. 26. — The potential of a platinum electrode in an add solution 
of potassium iodate and iodine is found to depend only on the concen- 
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trations of H+, lOr, and Ii. a. Write the electrode-reaction iittendtiig 
the passage of electricity from the electrode to the solution, h. For- 
mulate an expression by which the electrode-potential at 25** for any 
small concentrations (H+), (IOi~), (Ii) could be calculated from the 
molal electrode-potential. 

Evaluation of Molal ELectrode-PotetUials, — 

Proh, 27. — Calculate an approximate value, under the assumption of 
complete ionization, of the molal electrode-potential of Zn(s), Zn++ / 
from the fact that the cell Zn(s), ZnCl, (o.oi f.), HCl (0.02 f.), Ha(g) t 
has at 25** an electromotive force of 0.695 volt, when the hydrogen gas is 
slowly passed imder a barometric pressure of 754 nmi. through the 
HCl solution. The vapor-pressure of water at 25** is 24 dmh., and the 
liquid^tential in the cell is estimated to be —0.030 volt. Aris. 

,/ 0.766/ . 

\ Pnilb. 28, — Calculate the molal electrode-potential at 25**, a, of / 
Ag(s) -l-AgCl(s), CI", and 6, of Ag(s), Ag^-, from the facts that the cell • 
Hi(i atm.), HCl(o.i f.), AgCl(s) -\- Ag(s) has at 25® an electromotive 
force of 0.3522 volt and the solubility of silver chloride at 25® is 
1.30X10-' formal. Consider the add to be completely ionized and its 
ions to be perfect solutes. Ans, a, —0.234; 6, —0.812. 

*Prob, 2Q, — Compute more exact values of the two molal electrode- 
potentials calculated in Prob. 28, taking into account the activity- 
coefficient of the ions in the HCl solution, as given in the table of Art. 
113. Ans. a, —0.223; 6, —0.801. 

^Proh. 30, — Electrode-Potential of the Normal Calomel Electrode. — 
Calculate the electrode-potential of Hg(l)+Hg2CU(s), KCl(i n.) at 25"* 
from the following data: The molal electrode-potential of Hg(l)-|- 
HgaClaCs), CI" has been computed to be —0.270 volt by the method 
illustrated by Prob. 28; a i n. RCl solution is 1.033 ^« ^ "KXIX) 
ion-activity coefficient of KCl in this solution is 0.633. Ans. 




f 



The diflFerence, —0.281 volt, between the electrode-potential-cff the 
normal calomel dectrodey which is the half-cell represented by the 
formula Hg(l) +Hg2Cli(s), KCl(i n.), and that of the molal hydrogen 
electrode is a quantity erf much practical importance, since other 
electrode-potentials are often measured directly against the normal 
calomel electrode, instead of against a hydrogen electrode, because of 
greater experimental convenience and because the liquid-potentials 
involved are usually much smaller. 

153. Values of the Molal Electrode-Potentials. — The following 
table contains some of the more accurately determined values of the 
molal electrode-potentials at 25® and one atmosphere, referred to that 
of the molal hydrogen electrode taken as zero. 



26o 
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MOLAL EuSCTRODE-POTENnALS AT 25* 



Auti 


OxidiMti 


Blednit- 


R$ducei 


OxidUed 


BUdrode- 


iaU 


staU 


tulmtial 


slate 


staU 


polmaial 


Li 


u* 


2.958 


Cu+Cl- 


CuCl(s) 


—0.119 


Rb 


Rb+ 


2.924 


Ag+Cl- 


AgCl(s) 


—0.224 


K 


K+ 


2.922 


Hg+Cl- 


iHg,Cl,(s) 


—0.270 


Na 


Na+ 


2.713 


Cu 


Cu++ 


-0.34s 


Zn 


Zn++ 


0.758 


2OH- 


iC+Hrf) 


-0.399 


Fe 


Fe++ 


0.441 


Cu 


Cu+ 


-0.47 


Cd 


Cd++ 


0.398 


I- 


il«(s) 


-0.536 


Tl 


11+ 


0.336 


Fe++ 


Fe+++ 


-0.747 


Sn 


Sn++ 


0.136 


HgO) 


iH&^ 


-0.799 


Pb 


Pb++ 


0.122 


Ag 


Ag^ 


-0.800 


H.(g) 


2H+ 


0.000 


Br- 


iBr,(i m.) 


-1.08s 








ci- 


iClt(g) 


-1-359 



164. Deiivadon of Related Molal Electrode-Potentials from One 
Another. — Molal electrode-potentials that are related to one another 
can be calculated in the ways illustrated by the following problems. 

Prob, SI. — Molal Electrode-Potentials Corresponding to Different 
States of Aggregation, — Calculate the molal electrode-potential at 25^ 
Gf of Cli (i m.), CI", and 6, of Ii (i m.), I", from the values given for 
Clt(g), CI", and for LCs), I~~, in the table of Art. 153, and from the 
molalities, 0.062 and 0.0013, of Clt and Ii in water saturated with them 
at 25® when the pressure is i atm. Ans. a, —1.395; b, —0.621. 

Prob. 32. — Molal Electrode-Potential of a Metal in the Presence of 
One of Its Slightly Soluble Salts. — Calculate the molal electrode- 
potential at 25** of HgO)+HgiS04(s). SO*", from that of HgO),Hg,++ 
given in the table, and from the solubility- product (Hgi++) X (SO*") 
of HgiSO* which at 25® is 8.2 X 10"*. Ans. —0.62 volt. 

Prob. 33. — Molal Electrode-Potentials of an Element that Exists in 
more than Two States of Oxidation. — a. By considering the changes in 
state that occur on passing electricity at 25^ through the voltaic cells 

Cu,Cu+(i m.) II Cu++(i m.),Cu, and Cu,Cu++(i m.) || [ cjl/jj*^^.) ) »M, 

derive a relation between the molal electrode-potentials of Cu(s), Cu*^; 
Cu(s), Cu"*^; and Cu"*", Cu++. b. Calculate the last of these potentials 
from the first two. Ans. b, —0.22. 

166. The Electromotive Force of Cells with Dflute Solutions 
in Relation to the Molal Electrode-Potentials. — The electro- 
motive force of cells in which the liquid-potentials are negligible or for 
theoretical purposes are to be disregarded can be calculated from the 
molal electrode-potentials in the way illustrated by the following 
problems. 
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Evaluation oj Electromotive Forces. — 

Prob. j4, — Calculate the electromotive force at 25^ of the ceD 
Zn(s), ZnCli(o.ooi f.), AgCl(s)+Ag(s). 

Prob. 35. — Calculate the electromotive force at 25® of the cell 
H,(o.i atm.), HCl(o.i f.), PbCli(s) +Pb(s). The saturated solution 
of PbCli in water at 25° is 0.039 formal. 

Prob. j6, — Formulate numerical expressions for calculating the 
electromotive force at 25^ of each of the following cells: 

fl, M+CuCl(s), CuClt(o.oi f.), Cli(o.i atm.). 

h, M, o.or f. KI sat. with I, || {^^gj^;^; J;) ).M. 

The solubility-product of CuCl is i.2Xio~« formal. For the composi- 
tion of iodide solutions saturated with iodine see Prob. 45, Art. in. 

156. The Electromotive Force of Cells with Concentrated Solutions. 
— ^The electromotive force of any cell in which solutes are present at 
large concentrations cannot be calculated from the molal electrode- 
potentials with the aid of the logarithmic concentration formula of 
Art. 152, since this holds true even approximately only when the 
concentration does not exceed i formal. A knowledge of the change 
in state taking place in such a cell and of the reactions occurring at its 
electrodes is, however, of importance, since it shows qualitatively 
the factors which determine the magnitude of the electromotive force. 
This is illustrated by the following problems, which relate to certain 
cells of technical importance. 

Prob. 37. — The "Dry CeU." — The Leclanch6 cell and the common 
"dry cell," which is a Leclanch6 cell to which some porous material, 
such as paper-pulp or sawdust, has been added, consists essentially of a 
zinc rod (amalgamated to diminish local voltaic action) dipping into a 
concentrated NH4CI solution containing ZnCU, and a carbon rod coated 
with MnOs dipping into the same solution, a. Formulate the cell and 
the reaction that takes place at each electrode and the whole reaction 
in the cell, taking into account the facts that the MnOs is reduced to 
MuaOt, and that Zn(0H)3 is soluble in NH4CI solution with formation 
of Zn(NH«)4Cli. b. Show in what direction the electromotive force 
would be changed by decreasing the concentration of the NH4CI. 

Prob. 38. — The Edison Storage Ceil. — In the nickel-iron (Edison) 
storage ceU,Fe(s)-hFe(0H)2(s), K0H(2i%),Ni(0H),(s)+Ni(0H),(s), 
the main reaction is Fe(s)-h2Ni(0H),(s) = Fe(0H),(s)-|-2Ni(0H),(s) 
(the degree of hydration of the three oxides being, however, somewhat 
indefinite), a. Write the reaction occurring at each electrode, b. Show 
in what direction each of the electrode-potentials, and also the 
electromotive force of the whole cell, would vary with increase of the 
KOH concentration. 
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*Prob. SQ. — The Clark Standard Cell, — One form of the ClaA cell, 
used as a standard cell in electromotive force measurements is at 3o^ 
represented by the formula: Zn(s)+ZnS04.7HiO(s), ZnSO4.16.8HtO, 
HgiS04(s)+Hg(l). a. Specify the change of state that occurs when 
two faradays pass through the cell. h. Show that even in an actual 
cell, with only a finite quantity of solution, no variation of the electro- 
motive force results when two faradays pass, provided the change in 
state takes place slowly enough, c. Explain how the electromotive 
force of the cell would be changed by making the saturated ZnS04 
solution also i formal in NatSOi. 



157. The Nature of liquid-Potentials and Expressions for their 
Approximate Evaluation. — The electromotive force at the boundary 
between two solutions arises from the different rates at which the 
positive and negative ions tend to diffuse from one solution into the 
other. 

This principle may be first illustrated by appl3ang it to solutions 
of the same substance at two different concentrations, such as HCl 
(i f.}, HCl(o.i f.). In this case both kinds of ions diffuse from the 
first to the second solution in consequence of their smaller concen- 
trations in the latter solution; but, owing to their greater mobility, 
the hydrogen ions tend to pass into the second solution in larger 
quantity, and they do so to a slight extent, until such an excess of 
positive electricity is accumulated in the intermediate layers that the 
unequal diffusion-rates of the two ions are compensated by the effect 
of the potential-gradient in driving the positive hydrogen ions back- 
ward and drawing the negative chloride ions forward. The result 
of the different diffusion-rates of the two ions is in this case evidently 
an electromotive force directed from the more concentrated to the 
more dilute HCl solution. 

Similar considerations apply to solutions of two different sub- 
stances at the same concentration, such as HCl(i f.), NaCl(i f.). In 
this case, the hydrogen ions evidently tend to diffuse from the first 
solution to the second, and the sodium ions in the reverse direction; 
but owing to the much greater mobility of the hydrogen ions there is a 
resultant flow of positive electricity, and correspondingly an electro- 
motive force, from the HCl to the NaCl solution. As before, there 
can be only a very slight accumulation of hydrogen ions in the bound- 
ary of the second solution because of the counter electromotive force 
thereby produced. 
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Proh. 40. — The Nature and Direction of Liquid-Poieniials. — a. Ex- 
plain fully, in accordance with the above statements, the mechan- 
ism of the process by which a liquid-potential results in the case 
of KOH(i f.), KCl(i f.)- h. Predict the sign of the liquid-potential 
of NaOH(i f.), NaOH(o.i f.); and of NaCl(i f.), KNO,(i f.). 

Expressions by which liquid-potentials can be approximately 
evaluated can be derived either by formulating quantitatively the 
above considerations with the aid of the laws of diffusion, or by apply- 
ing the free-energy principles in the way shown in Art. 158 to the 
changes in state taking place at the boundary. 

By these methods the following expressions for the liquid-potential 
El, in terms of the ion-conductances, Ac, Ac, Aa, etc., and the number 
of charges or valences, vk and vc, of the cation and anion, have been 
derived under the assimiptions that the substances are completely 
ionized and that their ions are perfect solutes and have constant 
mobilities equal to those at zero concentration: — 

For combinations of the ionic t)^pes C'^'A'Cat ci), C''"A~(atC2); 
C+2A-(at ci)» C+2A-(at Ca); etc: 

Ac_ Aa 

Vc Va RT . C\ (i) 

El = T~T1 log — • 

Ac+Aa F ^ C2 

For combinations of the types CA, C'A; C2A, C'aA; CA2, C'Aa; 
etc., in which the two substances are at the same concentrations: 

RT , Ac +Aa , V 

l^cF Ac' -f-AA 

For combinations of the types CA, C'A; C2A, C'jA; CAa, CA'2; 
etc.^ in which the two substances have the same concentrations: 

Evaluation of Liquid Potentials, — 

Proh. 41, — Calculate the liquid-potential at 18° of the combinations: 
a, NaCl(o.i f.), NaCl(o.oi f.); 6, K2S04(o.i f.), K,S04(o.oi f.). 

Proh, 42. — Calculate the liquid-potential at 25® of: a, KOH(o.i f.), 
KCl(o.i f.); 6, HCl(o.oi f.), KCl(o.oi f.); c, ZnS04(o.i f.), CuS04(o.i f.). 

Proh, 4J. — Calculate the electromotive force at 25** of the cell Ag(s), 
AgNO,(o.i f.), KNO,(o.i f.), KCl(o.i f.), KCl(i f.) +Hg,Cl2(s), Hg©. 

For combinations of solutions of two salts having a common ion 
but different concentrations, such as KNOsCo.i f.), KCl(i f.), and 
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for combinations of solutions of salts without a common-ion, such as 
KNOsCo.i n.), NaCl(o.oi n.), the calculation of the liquid-potential 
is more complicated. Combinations of these kinds can, however, be 
avoided, as illustrated by the cell of Prob. 43, by connecting the two 
solutions through intermediate ones so as to produce only combina- 
tions of the two types for which the liquid-potentials can be calculated 
by the above equations. 

A liquid-potential can sometimes be experimentally determined by 
measuring the electromotive force of a cell involving it in which the 
two electrode-potentials are made substantially equal, as in the cells: 

Hga)+Hg2Cl2(s), KCl(o.i f.), NaCl(o.i f.), Hg2Clj(s)+Hg(l). 
Ag(s), AgNOsCo.ooi f.)+KNOa(o.i f.), AgNOaCcooi f.)+ 
NaNOa(o.i f.), Ag(s). 

Prob. 44. — a. Show that the electromotive force of the silver cell just 
formulated is substantially equal to the liquid-potential of KNOs(o.i f.), 
NaNOs(o.i f.)) by specifying exactly what determines each of the three 
partial potentials of the cell, h. State what assumption is involved 
in regarding the two electrode-potentials equal to each other. 

*158. Derivation of the Liquid-Potential Equations. — Just as 
the electromotive force of a whole cell is determined by the free-energy 
decrease attending the change in state that takes place in the cell, and 
just as the electrode-potential is determined by the free-energy decrease 
attending the change in state that takes place at the electrode, so a 
liquid-p)otential is determined by the free-energy decrease attending 
the change in state that takes place at the boundary between the two 
solutions. 

The change in state at such a boundary is of a simple character 
in the case where the two solutions contain only the same solute at 
two different concentrations, as in the combination, HCl(o.oi f.), 
HCl(o.i f.). In this case, in order to derive equation (i) of Art. 157 
for the liquid-potential, it is only necessary to consider the number of 
equivalents of the positive ion-constituent and of the negative ion- 
constituent that pass through the boundary in the two opposite 
directions per faraday passed through, to formulate the free-energy 
decrease attending these transfers, on the one hand, in terms of the 
electrical work ElF involved when they are brought about by the 
passage of one faraday, and on the other hand, in terms of the usual 
logarithmic concentration equations of Art. 138, and to equate these 
two expressions. This derivation involves the asstmiptions that the 



ELECTRODE-POTENTIALS AND LIQUID-POTENTIALS 265 

solute is completely ionized, that its ions behave as perfect solutes, 
and that the ratio of their mobilities, that is, the transference-number, 
is constant up to the highest concentration involved. 

Derivation of the Equation for the Liquid-Potential between Solutions 
with the Same Solute at Different Concentrations. — 

Prob. 45. — Derive equation (i) of Art. 157 in the form it assumes for a 
imiunivalent solute at two different concentrations, such as HCl(at Ci), 
HCl(at ci), making the assumptions stated in the text. 

Prob. 46. — Derive equation (i) of Art. 157 in the form it asstmies for 
a imibivalent solute at two different concentrations, such as CaCls(at Ci), 
CaCla(at ^), making the assumptions stated in the text. 

It will be evident from these derivations that, provided only that the 
ratio of the two ion-conductances, and hence the transference-number 
Tc or Ta, does not vary between the two concentrations involved, and 
that the two ions can be considered to have the same activity-co- 
efficient a in the same solution, an exact expression for the liquid- 
potential is given in the case of a uniunivalent solute by the equation: 

ELF = (Tc-Tx)ieriog^-^. 

By a similar consideration of the ion-transference that takes 
place at the boundary of the two solutions and with the aid of the 
same assumptions, an expression can be derived for the liquid-potential 
of combinations of the types-KQ, HCl; K2SO4, Na4S04;ZnS04, CUSO4. 
Namely, taking as a specific example the combination KCl(at c)^ 
HCl(at c), it will be noted that there must be at the boundary an 
intermediate portion of the solution in which the two substances are 
present in varying proportions, the concentration of the potassium 
chloride decreasing continuously from left to right from c to o, and 
that of the hydrogen chloride increasing continuously in the same 
direction from o to c. Considering now within the boundary-portion 
any two adjoining layers of infinitesimal length in which at equilibrium 
the prevailing concentrations of the two cation-constituents are 
c^ or Ch and Ck+^Ck or Cn+dcn and their transference-numbers are 
Tk and Th, it is evident, when one faraday passes from the KCl solu- 
tion to the HCl solution, that Tk mols of potassium-ion are transferred 
from the concentration c^ to the concentration c^+dc^ and Th mols 
of hydrogen-ion from Ch to Ch+^Ch. At the same time To. equivalents 
of chloride-ion are transferred in the opposite direction; but this need 
not be considered, since its concentration is uniform throughout the 
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whole solution. The free energy decrease —dF attendmg this transfer- 
ence is therefore given by the equation: 






A corresponding transference, attended by a corresponding free-energy 
decrease, takes place between each pair of adjoining mfinitesimal layers 
throughout the whole boundary-p)ortion. The total free-energy 
decrease, which is equal to the electrical work ElF attending the 
passage of one f araday, is therefore equal to the integral of this expres- 
sion, taken for the Ck term between the limits Ck=c and c^^o and 
for the Ca term between the corresponding limits Cn=o and Cn=c. 
That is: 

Now the transference-number of any ion-constituent, as indicated in 
Art. 73, is equal to the ratio of the product of its concentration by its 
conductance to the sum of the corresponding products for aU the ion- 
constituents present. Hence, assuming complete or equal ionization 
for the two substances in all the solutions and constant ion-mobilities 
of the three ions up to the concentration c, the following expressions 
result: 

Tk = — ;: — T—i — \--T ' Th = 



Replacing Cn in the first of these expressions by c —c^, and Ck in the 
second of these expressions by c—Cb, substituting the resulting values 
of Tk and Th in the above free-energy equation, carrymg out the indi- 
cated integration, and simplifying the result by appropriate transfor- 
mations, there is obtained the following equation, corresponding to 
equation (2) of Art. 157. 

Prob. 47. — Derivation of the Equation for the Liquid-Potential between 
Solutions with Two Solutes at the Same Concentrations, — Derive the 
equation just given by the method stated in the text. 

159. Determination of lon-Poncentrations and of Equilibrium- 
Constants by Means of Electromotive Force Measurements. — 
Measurements of electromotive force, interpreted with respect to the 
electrode-potentials involved, furnish an important means of deter- 
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mining ion-concentrations which are so small that they cannot be 
readily measured by other methods. The so determined ion-concen- 
trations may be used for calculating the solubilities of very slightly 
soluble salts or the ionization-constants or other equilibrium-constants 
of chemical reactions, as shown in the following problems. Measure- 
ments of electromotive force similarly interpreted are frequently 
employed by physiologists for determining the hydrogen-ion concen- 
tration in blood and other animal fluids, and sometimes by chemical 
analysts for the titration of acids and bases, especially in cases where 
the color of the solution makes the use of indicators imreliable. 

Proh. 48. — Determination of Solubility. — The electromotive force of 
the ceU Ag(s)+Agl(s), KI(o.i f.), KNO,(o.i f.), AgNO,(o.i f.), Ag(s) 
is 0.814 volt at 25^. Calculate the solubility of silver iodide in water 
at 25**. ^ " 

Proh. 4Q. — Determination of ike lonization-Constant of Water. — 
Calculate the ionization-constant of water (Art. 104) at 18^ from the 
fact that the electromotive force of the cell Hi(i atm.), HCl(o.i f.), 
KCl(o.i f.), KOH(o.i f.), H,(i atm.) is -0.653 volt at 18°. 

Proh. 50. — Determination of Complex-Constants. — The electro- 
motive force of the cell Ag(s), K+Ag(CN)2~(o.oi n.)+KCN(i n.), 
KCl(i n.), HgsClsCs) +Hg(l) is q^ volt at 25**. Calculate the dissocia- 
tion-constant of the complex-ion Ag(CN)2~ at 25**. Neglect the liquid- 
potential, which is small in this case. Ans. 1.5X10"*^ 

Proh. 51. — Determination of the Hydrolysis of Salts and the Ionization- 
Constants of Slightly Ionized Acids. — When a solution 0.05 formal in 
Na2HP04 is saturated with hydrogen at i atm., when a platinum elec- 
trode is placed in it, and when the half -cell HCl(o.oi f.)-f NaCl(o.i f.), 
Hs(i atm.), is brought into contact with it, the cell thus formed 
is found to have at 18® an electromotive force of 0.398 volt. Calculate 
the hydrolysis of the salt and the ionization-constant of HP04~, assum- 
ing complete ionization of the largely ionized substances, and neglecting 
the liquid-potential, which is made small by the addition of the sodium 
chloride. 

Proh. 52. — Determination of Indicator-Constants. — When the 
Na2HP04 solution of Prob. 51 is made o.oooi formal in phenolphthalein 
the indicator is found to show a color i3(% as intense as that which is 
produced on adding to the solution an excess of sodium hydroxide. 
Calculate the ionization-constant of this indicator. 

Proh. 5j. — Electrometric Titration of Acids and Bases. — Into a 
solution of an acid to be titrated are introduced the side-arm of a 
calomel half-cell and a tube carrying a small platinized platinum 
electrode, around which hydrogen gas at the barometric pressiure is kept 
bubbling. A standard 0.5 n. NaOH solution is added from a burette 
until the electromotive force between the hydrogen electrode and the 
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calomel electrode is found to change very rapidly as more alkali is 
added. Calculate the successive changes that would be observed in the 
electromotive force, when the alkali added is equivalent to 99.0, 99.5, 
99.8, and 100.2% of the add present, a, in case the add to be titrated 
is a o.i normal solution of HCl; b, in case it is a o.i normal solution 
of an add of ionization-constant of io~^, referring to the table of 
Art. 108 for the hydrogen-ion concentrations. Neglect the liquid- 
potential and the change in the volume of the solution produced by the 
addition of the standard NaOH solution. 
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V. THE EQUIIXBSiniC OF OXIDATION REACTIONS IN RELATION TO THE 

ELECTRODE-POTENTIALS 

160. Derivation of the Equilibrium-Constants of Oxidation Re- 
actions from the Molal Electrode-Potentials. — When the concentra- 
tions of the substances involved in the two electrode reactions of any 
cell are such that the two electrode-potentials are equal to each other, 
there is evidently no tendency for the cell to act nor for the chemical 
change to take place in it. In other words, the concentrations that 
make the two electrode-potentials equal are concentrations at which 
the chemical change is in equilibrium. The equilibrium-constant of a 
chemical change involving solutes or gases at smaU concentrations or 
pressures can therefore be evaluated, as in the following problems, by 
conceiving a cell in which the reaction would take place and calculat- 
ing from the molal electrode-potentials by the usual logarithmic 
equation the concentrations of the substances involved in the electrode 
reaction that will make the two actual electrode-potentials equal. 

Evaluation of EquUibriunhConstants by a Consideration of the Equi- 
librium Conditions of Voltaic Cells, — 

Prob, 54. — a. Calculate the concentration of copper-ion at which the 
reaction Zn(s)+Cu'*^ = Cu(s)-|-Zn"*~+" is in equilibrium at 25® when the 
zinc-ion is i molal. b. Calculate the equilibrium-constant at 25°. 

Prob, 55. — a. Calculate the concentration of hydrogen-ion at which 
the reaction Pb(s)+2H"*"C1~ = H8(g) -j-Pb+^Cl""! is in equilibrium at 
25** when the hydrogen has a pressure of i atm. and the lead-ion is 0.03 
molal. b. Formulate an algebraic relation between the equilibrium- 
constant of the corresponding ion reaction and the molal electrode- 
potentiab. c. Calculate the value of this equilibrium-constant. 

The foregoing considerations evidently lead to a general expression 
for the equilibrium-constants of oxidation reactions. Namely, the 
equilibrium-constant K of the reaction which takes place when n 
faradays of electricity pass from left to right through a cell whose 
left-hand and right-hand molal electrode-potentials are £1 and £2, 
respectively, is related to these potentials as follows: 

l?riog2S: = (Ei-E2)NF. 

This relation may be directly derived from free-energy considera- 
tions in the following way. The free-energy decrease attending a 
chemical reaction when the reacting substances and reaction-products 
are all at i molal (or if gaseous, at i atmosphere) has been shown in 
Arts. 140 and 141 to be given by the expression: 

-AF^J^riogX. 
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The free-energy decrease attending this same change in state, when 
this is considered to take place in a cell in which all the substances 
are at i molal (or if gaseous, at i atmosphere), is evidently expressed by 
the equation: . ., -^ ^ . 

^ -AF = NF (Ei— Es). 

By equating these two expressions for the free-energy decrease the 
general relation given above obviously results. 

It will be seen from these considerations that electrode-potentials 
are of great importance in their purely chemical relations. When 
they are so considered they are appropriately called the reduction- 
potentials of the corresponding oxidation reactions. Thus, th& elec- 
trode-potential (0.122 volt) of Pb(s), Pb"*^ is the reduction-potential 
of the reaction Pb(s) + 20 =Pb++. 

Expressed in chemical terminology, the preceding equation shows 
how the equilibrium-constant j^ of a chemical reaction which is the 
resultant of an oxidation reaction (such as Pb(s) + 2©=sPb++) and 
of a reduction reaction (such as 2H''" =H2(g) + 2®) is related to their 
molal reduction-potentials, £1 and £2; the symbol n denoting now the 
number of positive electrons involved in the separate reacticms. 

Evaluation of EquilibriunhConstants by the General Equation, — 

Prob. 56. — a. Derive an expression for the equilibrium-constant of 
the reaction Cu(s) -|-Cu"*^ = 2Cu"*' in terms of the molal reduction-poten- 
tials, b. Calculate the concentration of cuprous salt resulting when 
copper is shaken with a o.i f. CUSO4 solution at 25**. c. Calculate the 
concentration of cupric salt in the equilibrium-mixture produced by 
shaking a c.i f. CuCIs solution with copper at 25°, noting that solid 
CuCl separates, whose solubility-product at 25° is 1.2X10"* molal. 
Ans, by 0.0024; c, 0.00172. 

Prob. $j, — a. Formulate an algebraic expression showing how the 
equilibrium-constant of the reaction Ag(s)-|-Fe+''^=Ag^+Fe''^, ex- 
pressed in terms of the equilibrium concentrations, is related to the 
molal reduction-potentials involved, b. Calculate the equilibrium- 
constant, c. Find the composition of the equilibrium mixtiu'e that 
results when metallic silver is placed in o.i f. Fe(NOi)s solution. Ans. 
b, 0.14; c, Ag^ or Fe"*^, 0.067. 

Prob, 58. — Manganates in aqueous solution undergo partial decom- 
position into permanganates and manganese dioxide according to the 
following equation: 3Mn04"+ 2HjO = MnOi(s)-|- 2Mn04"-f- 40H'*. 
Calculate the ratio of permanganate to manganate in the equilibrium 
mixtiure at 25^ when in that mixture the manganate is 0.1 formal and the 
free base is i formal. The molal reduction-potentials at 25** are —0.61 
volt for the reaction MnO*' + © =Mn04'", and —0.66 volt for the 
reaction MnOi(s)4-40H+2© =Mn04" +2HtO. Ans. 2.21. 
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VI. VOLTAIC ACTION, ELECTROLYSIS, AND POLARIZATION 

161. Concentration-Changes Attending Voltaic Action and the 
Resulting Polarization. — Throughout the foregoing considerations, 
as an aid in evaluating the electromotive force, it has been assumed 
that so large a quantity of solution is present in the cell that only 
infinitestimal concentration-changes are produced in it by the passage 
of a finite quantity of electricity. The fact that this is not the case 
in actual cells must be taken into account, as in the following problem. 

Prob. 5g. — Change of Electromotive Force due to Changes in Con- 
cefUration. — The electromotive force e at 15** of the lead storage-cell 
varies with the mol-fraction x of the H1SO4 (for values of x up to o.io) 
according to the equation e = 1.855 +3 -Sox — lojc*. Out of a certain cell 
which contains 1300 g. of 10 mol-percent H2SO4 a steady current of 
5.36 amperes is taken for 10 hours. Calculate the electromotive force 
of the cell at the beginning and at the end. 

In practice the electromotive force is often decreased much more 
than these considerations indicate because the concentration-changes 
actually occur in the immediate neighborhood of the electrodes and 
are only gradually distributed by convection or diffusion through the 
whole body of the solution. Thus in the lead storage-cell water is 
produced and acid is destroyed by the electrode reaction in the solu- 
tion impregnating the porous lead-peroxide electrode, and the acid 
dm only be replenished from the main body of the solution by the 
slow process of diffusion. This phenomenon is one kind of polariza- 
tion, sometimes called concentrcUion-polarization; the name polarization 
being used in general to denote the production by the passage of the 
current of any change in the solution adjoining the electrode or in 
the surface of the electrode which makes its potential deviate from 
its normal value. 

Concentration-polarization is affected by various incidental condi- 
tions, for example, by agitation of the solution around the electrodes. 
It is also often greatly influenced by the current-density , by which is 
meant the current per unit-area of electrode surface, thus the number 
of amperes per square centimeter or square decimeter of surface of a 
specified electrode. 

Prob. 60, — Concentration-Polarization and the Factors A fecting It. — 
When a current is taken at 25** out of a certain cell of the form 
Zn(s), ZnS04(i f.), CuS04(i f.)> Cu(s), the electromotive force soon be- 
comes fairly constant and remains so for a time at a value 0.06 volt 
below its normal value, a. Show quantitatively how this might be 
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accounted for by concentration-polarization, b. Explain how the 
polarization would be affected by increasing the current; by using 
smaller electrodes without changing the current, thereby increasing 
the current-density; and by stirring the solutions, these being separated 
from each other by a porous cup. 

162. Electrolysis in Relation to Minimum Decomposition-PotentiaL 

— In order to produce electrolysis in any electrolytic cell there must 
obviously be applied from an external source an electromotive force 
at least equal to the electromotive force that is produced by the 
combination of solution and electrodes, considering it as a voltaic 
cell. The value of the electromotive force that must be applied to 
compensate the electromotive force of the voltaic cell which develops 
under the actual conditions, assuming local concentration changes to 
be equalized, may be called the mimmum decomposition-poterUial, Its 
value can evidently be calculated in the case of cells with dilute solu- 
tions by the method considered in Art, 155. It is important to 
recognize this fact; for the decomposition-potential is sometimes 
treated as if it were an essentially independent quantity. The actual 
decamposUian-potentialf that is, the electromotive force that must be 
applied to produce continuous electrolysis, may be much greater than 
the FiinimuTTi decomposition-potentlal because of polarization effects, 
such as are considered in the next article. 

Prob. 61, — Deposition of Meials by Electrolysis. — A solution 0.05 
formal in HsS04 and 0.05 formal in CUSO4 is electrolyzed at 25^ between 
a mercury anode and a platinum cathode. In the mixture assume the 
salt to be completely ionized and the acid to be 25% ionized into 2H"'" 
and SO*" and 75% ionized into H"*" and HS04~. a. Calculate from the 
molal electrode-potentials (taking that of Hg0)-fHg8SO4(s), SOi" to 
be —0.62 volt) the minimum electromotive force which would have to 
be applied in order to cause the copper to deposit, b. Find the value 
to which this electromotive force would have to be increased after 99% 
of the copper had been precipitated in order that the deposition might 
continue, assuming the ionizations to be the same as in the original 
mixture, c. Find the minimum electromotive force at which hydipgen 
could be continuously set free, assiuning that it attains at the cathode 
an effective pressure of i atm. 

Prob, 62. — Separation of Elements by Electrolysis, — A solution 
0.1 formal in KCl, o.i formal in ELBr, and o.i formal in KI is placed, 
together with a platinum electrode, in a porous cup; and this is placed 
within a larger vessel containing a zinc electrode and a large quantity 
of O.I formal ZnCls solution. Neglecting the liquid-potential and any 
polarization effects, calculate the applied electromotive force required 
at 25^, a, to liberate 99.9% of the iodine; b, to set bromine free at a 
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concentration of o.oooi molal; c^to liberate 99.9% of the bromine (which 
remains in solution); and d, to liberate chlorine at a concentration of 
0.0001 molal. ^ 

163. Electrolysis in Relation to Polarization. — In eIectrol3rsis, as 
in voltaic action, concentration changes are produced in the solutions 
around the electrodes; and these changes have the effect of increasing 
the applied electromotive force required. Thus in electrolyzing a 
copper solution between copper electrodes (as is done in copper plating) 
only an infinitesimal electromotive force is required to start the 
deposition; but the solution around the cathode soon becomes less 
concentrated in copper and the solution around the anode more con- 
centrated in copper, producing a concentration-cell with an electro- 
motive force opposite to that applied. This back electromotive force 
would evidently be diminished by decreasing the ciurent-density, by 
agitating the whole solution, or by rotating the electrodes. 

When a gas, such as hydrogen or oxygen, is set free at an electrode, 
a phenomenon, known as gas-polarization ^ is observed which does 
not occur in the deposition of metals. For when a gas is involved 
in the electrode-reaction its partial pressure determines the electrode- 
potential. Hence in a cell exposed to the air a slow, continuous 
electrolysis may take place before the applied electromotive force 
equals the electromotive force of the cell when the gas-pressure is one 
atmosphere; for the gas-forming substance is produced on the electrode 
at a lower pressure and is dissolved in the solution and carried away 
by convection and diffusion. Moreover, a sudden increase in the rate 
of electrolysis does not take place when the applied electromotive 
force is increased beyond that corresponding to a pressure of one 
atmosphere; for the gas-forming substance then passes into the elec- 
trode at this higher pressure, producing a supersaturated adsorbed 
layer on its surface or a supersaturated solid solution within the 
metal, from which the gas does not escape rapidly enough to reduce the 
effective pressure to one atmosphere. There is thereby produced a 
back electromotive force which is equal to the electromotive force of a 
voltaic cell in which the gas has this higher pressure, and which is 
larger than the electromotive force of a similar cell in which the gas 
has the partial pressure that prevails above the solution. The amount 
by which the back electromotive force exceeds the theoretical electro- 
motive force at the.prevailing partial pressure is called the polarization 
or averooUage. 
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It will thus be seen that the applied electromotive force may be 
considered resolved into three parts: one equal to the minimum 
decomposition-potential or to the theoretical electromotive force of 
the resulting voltaic cell at the prevailing partial pressures; a second 
part equal to the polarization; and a third part, that uncompensated 
by the back electromotive force resulting from these two effects, and 
therefore available for forcing a current through the cell in accordance 
with Ohm's law. These considerations are illustrated by Prob. 63. 

These principles suffice to enable the phenomena of polarization 
to be treated from experimental and thermodynamic standpoints. 
The various hypotheses that have been proposed in regard to the 
molecular mechanism by which gas-polarization results can not be 
here considered. These hypotheses involve considerations relating 
to surface-tension, adsorption, formation of imstable compounds, 
and rate of reaction in solid phases. 

The back electromotive force produced by the electrol3rsis may be 
experimentally determined in the following ways: 

(i) By the method described in Prob. 63. 

(2) By finding the smallest value of the applied electromotive 
force at which bubbles form slowly but continuously at the electrode 
surface (this giving a value corresponding practically to a minimum 
current-density) . 

(3) By applying a defijiite electromotive force to the cell long enough 
to charge the electrodes with the decomposition-products and then 
short-circuiting the electrodes through a high-resistance potentiometer, 
the applied potential being at the same time removed. From the 
so-measured back electromotive force the overvoltage is obtained by 
subtracting the theoretical electromotive force corresponding to the 
prevailing gas-pressure, which is usually about one atmosphere. 

Prob. 63, — Gas-PolarizaHon. — Electromotive forces successively 
increasing in magnitude were applied at 22^ to an electroljrtic cell con- 
sisting of a large, unpolarizable, platinized platinum plate as anode, 
a small mercury surface as cathode, and a o.i f. HSOa solution 
as electrolyte. Hydrogen gas at i atm. was bubbled steadily through 
the cell, and a resistance of 100,000 ohms was placed in series with it, 
the resistance of the cell being negligible in comparison. The current- 
strengths in millionths of an ampere corresponding to various applied 
electromotive forces in volts were as follows: 

Ciurent-strength .... 0.06 0.44 1.20 2.20 3.70 4.82 
Applied electromotive force . 0.32 0.48 0.62 0.77 0.95 1.08 
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a. Plot these current-strengths as ordinates against the electromotive 
forces as abscissas, h. Calculate the back electromotive force and 
polarization corresponding to each of these applied electromotive 
forces, tabulate these values, and plot the current-strengths against 
them on the same diagram, c. Calculate the effective pressure of the 
hydrogen at the electrode corresponding to the smallest of these back 
electromotive forces, assuming the logarithmic relation valid for perfect 
gases to hold up to this pressure. 

The overvoltage is always found to increase with increase of the 
applied electromotive force and of the current-density; but it varies 
in a highly specific way with the chemical nature of the gas and with 
the chemical nature and physical state of the metallic electrode. 
Thus in certain experiments made with i normal H2SO4 the over- 
voltage of the hydrogen was found to have the following values: 

Smott Large 

cunemt-densUy eiirrmt~deHs%iy 

Platinized platinum . . . 0.00 volt 0.07 volt 

Smooth platinum .... 0.03 0.65 

Lead 0.36 1.23 

Mercury 0.44 1.30 

In certain experiments with 2 normal KOH solution with a moderate 
current-density the overvoltage of the oxygen was found at the start 
to be 0.44 volt on platinized platinum, 0.84 volt on smooth platinum, 
and 0.50 volt on iron; the value increasing to 1.46 on smooth platinum 
and to 0.59 on iron after two hours' passage of the current. 

The phenomenon of gas-polarization and the overvoltage attending 
it are of great significance in technical processes. The overvoltage 
may greatly diminish the energy-efficiency of the process, the energy^ 
efficiency being the ratio of the minimum electrical energy theoretically 
required to produce a definite quantity of some product of the elec- 
trolysis to the energy actually expended. Overvoltage may also 
make processes practicable which would otherwise not be possible; 
thus in charging a lead storage-cell hydrogen is not set free at the lead 
owing to its overvoltage, although the potential of the half-cell 
Hii(i atm.), H2S04.2oH^ is about 0.4 volt less than that of the half- 
cell Pb -hPbS04(s), H2SO4.20H2D. 

Prob. 64. — Energy-Efficiency and Overvoltage. — In a certain com- 
mercial alkali-chlorine cell sodium hydroxide and chlorine are |>roduced 
at an iron cathode and graphite anode, respectively, by the continuous 
electrolysis of a 25% NaCl solution which is slowly flowed through a 
diaphragm from the anode to the cathode compartment (to prevent the 
hydzozide-ion from migrating to the anode) . In a certain case 4. 5 volts 
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were applied to the cell, whose resistance was 0.00080 ohm, >ielding a 
current of 2000 amperes; and there flowed off each hour from the 
cathode 27,460 g. of solution containing 10% of NaOHand 13% of NaCl. 
The electromotive force of the voltaic cell Hj(i atm.)^ NaOH(io%) 
+ NaCl(i3%), NaCl(25%), CUCi atm.) has been independently deter- 
mined to be 2.3 volts, a. Calculate the current-efficiency in the 
production of the sodium hydroxide, b. Calculate the energy-efficiency 
of its production, c. Calculate the voltage used to produce the current 
and that used to overcome the polarization, and tabulate these together 
with the minimum decomposition-potentiaL Ans. 6,47.0%. 



CHAPTER XII 

THE EFFECT OF TEMPERATURE ON THE WORK PRO- 
DUCIBLE BY ISOTHERMAL CHEMICAL CHANGES 
AND ON TEIEIR EQUILIBRIUM CONDmONS 



I. THE FUNDAMENTAL SECOND-LAW EQUATION 

164. The Quantity of Work Producible from a Quantity of Heat 
that Passes from One Temperature to Another. — This chapter is 
mainly devoted to a consideration of the effect of temperature on the 
free-energy changes that attend isothermal changes in state. To this 
effect is closely related, in virtue of the free-energy relations ah-eady 
derived, the effects of temperature on the equilibrium of chemical 
changes and on the electromotive force of voltaic cells. Before these 
effects can be properly considered the more general thermodynamic 
relation referred to in the title of this article must be known. This 
will now be derived. 

The second law of thermodynamics has already been expressed 
(in Art. 135) in fundamental form by the statejnent that a process 
whose final result is oitly a transformation of heat into work is an 
impossibility; and it was shown that, in accordance with this state- 
ment, when work is produced in surroundings of constant tempera- 
ture, there is always a change in the state of the system employed 
for the transformation. Chapters X and XI have been devoted to 
a determination of the quantities of work producible by various 
isothermal changes in state. There will now be considered the other 
conditions, involving difference in temperature in the surroundings, 
vmder which the second law permits that work be produced out of 
heat by systems which undergo no permanent change in state. 

When a quantity of heat is transformed into work by a cyclical 
process (that is, by a process in which the system undergoes a cycle 
of changes in state), an additional quantity of heat is always taken 
up from surroundings at a higher temperature and given out to sur- 
roimdings at a lower temperature. That is to say, even when a differ- 
ence of temperature exists, only a fraction of the heat taken up by the 
system from the warmer surroundings can be transformed into work. 
Important questions at once arise as to what determines the fraction 
that can be so transformed — whether it is dependent on the nature of 
the process employed, and how it varies with the temperatures. 

277 
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In order to determine whether the quantity of work that can be 
produced when any definite quantity of heat is transferred by a 
cyclical process from a higher to a lower temperature is dependent 
upon the nature of the system employed for the transformation, or 
upon the way in which the transformation is carried out, assume 
that two different reversible cyclical processes, carried out with 
different systems or in a different way with the same system, could 
produce two unequal quantities of work by transferring an equal 
quantity of heat from a higher to a lower temperature. Then cause 
the process that produces the larger quantity of work W" to take 
place in such a way that it takes up a quantity of heat Q\ at the 
higher temperature Ti, transfers apart of it Q% to the lower tempera- 
ture T%y and transforms the remainder into work W', and cause the 
other process, which in transferring the same quantity of heat Q% from 
Ti to T2 produces the smaller amount of work PT', to take place in the 
reverse direction — that is, so that it takes up the heat Q% transferred 
by the former process to the lower temperature, and raises it to the 
higher temperature by expending the required amount of work W\ 
It is then evident that the net result of these operations would be the 
production of a quantity of work W^W from an equivalent 
quantity of heat without any other change having been brought about 
either in the systems or in the surroundings. Since this is contrary 
to the fundamental statement of the second law, the supposition made 
that the two processes produce unequal quantities of work is unten- 
able. Thb important conclusion may be explicitly stated as follows: 
the quantity of work which can be produced when a definite quantity 
of heat is transferred from one temperature to another by any process 
in which the system employed undergoes no permanent change in 
state is not dependent on the nature of the process. 

By the conclusion just reached the determination of the relation 
between the temperatures and the proportion of heat transformable 
into work is greatly facilitated; for evidently it is now only necessary 
to determine what that relation is for a single reversible cyclical 
process. Such a process is considered in the following problem. 

Pfoh, I, — Derivation of the Second-Law Equation. — Consider the 
following cyclical process carried out reversibly with N mols of a 
perfect gas contained in a cylinder closed with a weighted, frictionless 
piston. Start with the gas at the temperature T-{-dT and volume Vi, 
(i) Keeping the gas in a large heat-reserv6ir at T+dT, diminish gradu- 
ally the weight on the piston and cause the gas to expand till its volume 
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becomes Os. (2) Fix the piston so that the volume must remain con- 
stant, and place the gas in a large heat-reservoir at a temperature T, 
(3) Keeping the gas in the heat-reservoir at the temperature T, com- 
press it by releasing the piston and gradually increasing the weight 
upon it until the volume Vt of the gas has been restored to its original 
value Vi. (4) Fix the piston again so as to keep the volume constant, 
and place the gas in a heat-reservoir at the temperatiire T+dT. 
a. Represent this process by a lettered diagram in which the ordinates 
denote temperatures and the abscissas volumes. h» Formulate an 
expression for the quantities of work Wiy Wtt Wi, W^^ and for the 
quantities of heat Qi, Qtj Qi, Q4, produced in the surroundings in the 
separate steps of this process, taking into account the principles con- 
sidered in Arts. 24, 25, and 26. c. Formulate a relation between the 
quantity of work ^W produced in the whole process and the quantity 
of heat Q imparted to the reservoir at the temperature T. 

Since it was previously shown that the second law requires that the 
same quantity of work be produced when a definite quantity of heat 
is transferred by any reversible cyclical process whatever from one 
definite temperature to another, it is evident that the equation de- 
rived in the preceding problem for one such process is an exact expres- 
sion of the second law for every such process. This equation there- 
fore expresses one of the fundamental principles of physical science. 

The equation just derived, which will be called simply the second^ 
law equation J may be written in the form: 

In this equation 2) W denotes the algebraic sum of all the quantities 
of work produced in any reversible cyclical process taking place at 
two temperatures T and T-\-dT m which the quantity of heat Q is 
transferred to the surroundings at the temperature T, The work- 
quantity SW is obviously infinitesimal in correspondence with the 
infinitesimal temperature-difference dT, 

Prob. 2. — General Principles Deduced from the Second-Law Equa- 
tion. — Show that the second-law equation leads to the following 
conclusions: a. When there is no di£Ference of temperature in the 
surroundings heat cannot be transformed at all into work by any 
cydical process, b. In order to carry heat from a lower to a higher 
temperature work must be withdrawn from the surroundings, c. The 
fraction of the heat transformable into work for a given difference in 
temperature is greater the lower the temperature, d. When the lower 
temperature is the absolute zero heat can be completely transformed 
into work. 
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XL, THE EFFECT OF TEMPERATURE OK THE EQUILBRIUM OF 

UNIVARIANT SYSTEMS 

166. Effect of Temperature on the Pressure at which the Phases 
of Univariant Systems are in Equilibrium. — An important relation 
derivable from the second law of thermodynamics is that named in the 
title of this article. It is expressed by the Clapeyran equation: 

dp _ I Ag 

dX' T liv' 

In this equation dp denotes the increase produced by a temperature- 
increase dT in the pressure at which the phases of a imivariant system 
are in equilibrium at the temperature T, and AH and Av denote the 
increases in heat-content and in volume which attend the conver- 
sion at the temperature T and at the equilibrium-pressiure p of any 
definite quantity of substance from the state in which it exists in 
one phase or set of phases into the state in which it exists in the 
other phase or set of phases. For example, the temperature-co- 
efficient dp/dT of the dissociation-pressiure p of solid calcium car- 
bonate at any temperature T can be calculated by substituting in 
the Clapeyron equation for Aff the increases in heat-content and 
for Av the increase in volume that attend the change in state 
CaCO«(s) = CaO(s) -{- COaCat p) at the temperature T. 
This equation will now be derived from the second-law equation. 

Proh, J. — Derivation of the Clapeyron Equation, — Consider the 
following cyclical process: Start with some definite quantity of a 
substance (for example, iHtO) existing as a phase (for example, liquid 
water) which is in equilibrium with a second phase (for example, ice) 
at the temperature T and pressure p, (i) Cause the substance to pass 
under these equilibrium conditions from the first phase (liquid water) 
in which its volume is Vi into the second phase (ice) in which its volume 
is Vt\ (2) heat the substance to T+dT, whereby the pressure becomes 
p-\-dp and the voliune Vt+dvt; (3) cause it to pass from the second 
phase (ice) into the first phase (liquid water) at T-^-dT under the 
equilibrium pressure P+dp, whereby the volmne becomes Vi+dvi; (4) 
cool the substance to T, whereby it reverts to its original state. 
a. Represent this process by a diagram in which the ordinates denote 
pressures and the abscissas volumes, b. Formulate the quantities of 
work, Wiy Wiy W%, Wa, produced in the four steps of the process when 
it is carried out reversibly, siunmate these quantities of work, cancel 
the differentials of the second order, substitute the result in the second- 
law equation, and replace the heat quantity Q in the equation by its 
equivalent —AH. c. Specify the change in state to which the heat- 
content decrease — AF refers. 
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* In applications of the Clapeyron equation a definite change in 
state should first be formulated, and then AiJ and Av should be evalu- 
ated in accordance with it, expressing the heat-quantity AH and the 
work-quantity dpAv in the same units. When one of the phases in- 
volved is a gas at small pressure, Av may be determined by neglecting 
the volume of the solid or liquid phases and expressing the volume of 
the gaseous phase in terms of its temperature and pressure with the 
aid of the perfect-gas law. Applications of the equation to systems of 
this kind (those involving liquid and gaseous phases) were considered 
in Art. 33. Other applications are illustrated by the following problems. 

Effect of Pressure on MdHng Point, — 

Proh, 4. — Derive from the Clapeyron equation a principle expressing 
the direction of the effect of pressure on the melting-point of solid sub- 
stances, taking into account the fact that fusion is always attended by 
an absorption of heat. 

Proh, 5. — Calculate the variation per atmosphere of the melting- 
point of ice. At o^ and i atm. its density is 0.917 and the heat of fusion 
of I g. is 79.7 cal. 

Prob, 6, — Ejfect of Pressure on TransUton-Temperature. — a. Calcu- 
late the variation per atmosphere of the transition-temperature (95.5^) 
of rhombic into monodinic sulifur from the densities of the two forms, 
which are 2.07 and 1.96 respectively, and from the fact that the transi- 
tion of I at. wt. of sulfur from the rhombic into the monoclinic form is 
attended at 95.5^ by an absorption of 105 cal. b. State what this 
shows as to the slope of the line BE in the sulfur diagram of Art. 115; 
and what conclusion as to the slope of the line CF can be drawn by 
considering the density of liquid sulfur, which is 1.81 at 115°. 

Prob, 7. — Heat of Hydration derived from the Vapor-Pressure of Salt- 
Hydrates. — With the aid of the temperature-vapor-pressure ciurves of 
the diagram of Art. 120 derive approximate values of the heat-effect 
attending thereactionNa«HP04.7HjO(s)-|-sH,0(g)=Na2HP04.i2H,0(s) 
at 25*". 

In order to integrate the Clapeyron equation exactly, AH and At; 
inust be expressed as fimctions either of the equilibrium-temperature 
or of the equilibrium-pressure. When the system consists of only 
solid and liquid phases and when only moderate changes of pressure 
(such as 20 atm.) are involved, AH, Av, and T in the second member of 
the equation may be considered constant in approximate calculations. 
When one of the phases consists of a perfect gas, Av may be expressed 
as a temperature-function by means of the perfect-gas equation. The 
heat-quantity AH may dlways be so expressed in terms of the heat- 
capadties of the substances involved, in the way described in Art. 13 1. 
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Applicaiums of Integrated Forms of the Clapeyron Equation, — 

Prob. 8. — Calculate the melting-point of ice at 20 atm. with the aid 
of the data of Prob. 5. 

Pr<^. g. — State what heat-quantity can be calculated from the dis- 
sociation-pressures of solid NH4SH into NH| and HtS, which are 500 
mm. at 25^ and 182 mm. at 10°; and calculate its value, assuming it to 
be constant through the temperature interval involved. 

*Prob. 10. — Calculate the vapor-pressure of solid iodine at 25® from 
the following data: Its vapor-pressure at 100^ is 47.5 nmi., its molal 
heat of vaporization at 100^ is ^14,600 cal., its atomic heat-capacity is 
6.7 between 25^ and 100^, and the molal heat-capadty of its vapor at 
constant pressure is 7.8 between those temperatures. 

*The derivation of the Clapejnron equation shows that it determines 
the equilibrium conditions of any type of system in which an iso- 
thermal change in state can take place under a constant equilibrium- 
pressure, which is determined only by the temperature; for evidently 
in all such cases, and only in such cases, the expressions for the work- 
quantities involved in the cyclical process by which the equation was 
derived will have the same form. An isothermal change can, how- 
ever, take place without any change in the pressure only when the 
pressure is determined solely by the temperature and is not changed 
by any transfer of substance from one phase of the system to another. 
In other words, the Clape3rron equation is applicable to all systems, 
and only to systems, which are actually or in effect univariant. Thus 
it has been shown applicable to one-component systems exisfing in 
two phases, like ice and water or water and water-vapor, or to two- 
component systems existing in three phases, like CaCOs, CaO, and 
COs. It is also applicable, however, to systems that have been made 
in effect univariant by the specification that the composition of each 
of the phases present shall remain constant when the isothermal 
change takes place and when the temperature of the system is varied. 
Thus the equation can be applied to a two-component system existing 
in only two phases, like a solution and its vapor, provided such a 
change in state be considered that the solution remain constant in 
composition when some of the solvent vs^rizes out of it, as in the 
case when an infinite quantity of the solution is subjected to the 
process. Hence the equation can be used to determine the change in 
the vapor-pressure of a solution with the temperature. Similarly, it 
can be applied to a two-component system consisting of a solution and 
a solid phase, like a melted binary alloy in contact with one of the solid 
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metals, so as to determine the effect of pressure on the temperature 
at which the solid metal will separate from a melt of the specified 
composition. 

*Prob. II, — ApplicaUon of the Chpeyron Equation to SohHons, — 
a. In applying the Clape3rron equation to determine the effect of temp^- 
ature on the vapor-pressiue of a 10% NaCl solution, specify the ch^mge 
in state to which the quantities AF and Ao would correspond. 
h. State what equiUbriiun could be studied by applying the Clapeyron 
equation to a system consisting of solid sodium chloride and its satu- 
rated solution, and specify the change in state to which the quantities 
AH and Av would correspond. 
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m. THE EFFECT OF TEMPERATURE OK THE EQUILIBRIUM OF CHEMICAL 

REACTIONS IN GENERAL 

166. The Effect of Temperature on the Free-Energy Decrease 
Attending Any Isothermal Change in State. — By applying the funda- 
mental second-law equation to certain reversible cyclical processes 
there can be derived, as shown in Probs. 12 and 13, the following 
differential equations expressing the change with the temperature of 
the decreases —AA and — AF, defined as in Art. 136, in the work- 
content and in the free energy of a system attending any isothermal 

change in its state. 

d(-AA) AU-AA 



dT T 

rf(-AF) AH-AF 



(i) 
(2) 



dT T 

These equations are general expressions of the second law in forms 
especially convenient in considerations relating to chemical equi- 
librium and electromotive force. It is important fully to appreciate 
the significance of the quantities occurring in them and the case to 
which each equation is applicable. These are shown by the derivations 
of the equations (in Probs. 12 and 13) to be as follows. The quantities 
—AA and — AF denote the decreases in the work-content and in the 
free energy of the system which attend any isothermal change in its 
state at the temperature T\ and AU and AH denote the accompanying 
increases in its energy-content and heat-content. The differential 
quantities d{—AA) and rf(— AF) signify that when the same change 
in state takes place at T-k-dT, instead of at T, it is attended by a 
work-content decrcsase of —AA+di—AA) and by a free-energy de- 
crease of — AF4-rf(— AF), instead of one of —AA and of — AF. The 
work-content equation is applicable to cases where the initial volume, 
and also the final volume, of the system is the same at the two tem- 
peratures; and the free-energy equation is applicable to cases where 
the initial pressure, and also the final pressure, is the same at the two 
temperatures. 

In accordance with the practice adopted throughout the preceding 
considerations, only the free-energy equation will hereafter be em- 
ployed. For purposes of integration this equation is more conve- 
niently written in the following forms: 



( 



"r") = ^^^- (3) 
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This equation in any of its forms will be called the second4aw free- 
energy equation. 

Derivation of the Work-Content and Free-Energy Equations, — 
Prob. 12, — To derive equation (i) given in the above text, consider a 
reversible cyclical process involving the following steps: (i) Any 
change in state of any system at the temperature T, by which a quantity 
of work W is produced; (2) a change in the temperature of the system 
at constant volmne from T to T+dT; (3) a change in the state of the 
system at the temperature T-k-dT which is the reverse of the change 
in state in the first step, this change being attended by a production of a 
quantity of work — {W-k-dW)] (4) a change in the temperature of the 
system at constant volume from T-\-dT to T, a. Represent this pro- 
cess by a lettered diagram in which the ordinates denote temperatures 
and the abscissas volumes, h. Find an expression for 'ZW for this 
process, c. By substituting it in the second-law equation and by 
making other appropriate substitutions, show that equation (i) 
results. 

Prob. 13. — To derive equation (2) given in the above text, consider a 
reversible cyclical process just like that described in the preceding 
problem, except that in steps (2) and (4) the S3rstem is kept at constant 
pressure, instead of at constant volume, a. Represent this process 
by a lettered diagram in which the ordinates denote temperatures and 
the abscissas voliunes, designating the pressures and volimies of the 
system at the beginning of each of the four steps by (i) pi and V\\ (2) 
pi and v%\ (3) pt and Vt-\-dvt\ and (4) pi and V\ -\-dvi, b. Find an expres- 
sion for ZW for this process, c. By substituting this expression in the 
secoiid-law equation and making other appropriate substitutions based 
on the definitions of — AF and —AH given in Arts. 136 and 128, show 
that equation (2) results, d. Show that the free energy equations (2) 
and (3) are identical by carrying out in the first member of equation 
(3) the indicated differentiation and by making simple transforma- 
tions. 

167. The Effect of Temperature on the Equilibrium of Chemical 
Clumges Involving Perfect Gases. — By substituting in the second-law 
free-energy equation (3) of Art. 166 the expression derived in Arts. 140 
and 142 for the free-energy decrease attending an isothermal chemical 
change between perfect gases or between solid substances and perfect 
gases, and noting that the initial and final pressures occurring in 
this expression must not vary with the temperature if this equation 
(3) is to be applicable, there is obtained the following equation, com- 
monly called the vanH Hojf equation, expressing the effect of tempera- 
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ture on the equilibrium pressures ^a, ^b, etc., and on the equilibrium- 
constant K of the chemical reaction: 



Prob. 14, — Derivation of the VafCt Hof Equation, — Derive in the 
way indicated in the text the van't Hoff equation from the general 
expression given in Art. 140 for the free-energy decrease attending any 
chemical change between gases. 

Proh. 15, — Qualitative Principle Expressing the Effect of Temperature 
on Chemical Equilibrium, — Derive from the van't Hoff equation a 
principle showing how the direction in which an equilibrimn is dis- 
placed by increase in temperature is related to the sign of the heat- 
effect attending the reaction. 

Applications of the Qualitative Principle. — 

Prob. 16. — Show how the equilibrium in a gaseous mixture of Cli, 
HCl, O2, and H2O at 25^ would be displaced by increasing the tempera- 
ture. The heat of formation at 25^ of iHCl(g) is 22,000 cal. and that 
of iHiO(g) is 57,800 cal. 

Prob. 17. — The dissodation-pressure of solid CaCOi (and of all other 
solid substances which dissociate into one or more gaseous products) 
increases with rising temperature. State whether heat is absorbed or 
evolved when the dissociation takes place at constant temperature. 

In order to integrate the van't Hoff equation, the heat-content 
increase Ai7 must be expressed as a function of the temperature. 

This temperature function is usually derived, in the way shown in 
Art. 131, from a knowledge of the heat-content increase at some one 
temperature and of the heat-capacities at constant pressure of the 
substances involved in the reaction. Thus the function may always 
be obtained by integrating the following differential equation, in 
which AC represents the difference between the heat-capacity (equal 
to Cs+Cf. .) of the system in its final state and its heat-capadty 
(equal to Ca+Cb. .) in its initial state: 

rf(Ai5r) = £sCdT. 

The integration can evidently be carried out when AC is known to be 
constant or when it can be expressed as a function of the tempera- 
ture, as illustrated by the following problems. 

Integration of the VanH Hoff Equation. — 

Prob. 18. — a. Derive the expression d(AB) ^^ACdT in the way 
described in Art. 131. b. Integrate it for the case that AC is a function 
of the form AC»ACo+ar+j9P, where ACo, a, and j3 are constants. 

Prob. ig. — Find a numerical expression for Ai7 for the reaction 
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2C0(g) +Oi(g) = 2C02(g) from the heat-capadty data given in Art. 27 
and in Prob. 29 of Art. 134 and the heats of formation of iCO(g) and 
iCOi(g) at 20®, which are 25,900 and 94,200, respectively. 

Prob, 20, — Integrate the van't Hoff equation between the limits 
Ti and Tt, K\ and iTt, for the following cases: a, when AC is zero and 
therefore AH does not vary with the temperatiire; ^, when AC has a 
finite value which does not vary with the temperature; c, when AC 
varies with the temperature in the way considered in Prob. 186. 

In numerical applications of the van't Hoff equation, in order to 
guard against errors in the sign of the heat-content increase and in 
its value with respect to the multiple chosen, the reaction under con- 
sideration should first be formulated in a definite chemical equation 
and then values of K, Aff , and AC should be adopted in conformity 
with it. For the heat-capacities of some important gaseous sub- 
stances and of elementary solid substances see Arts. 27 and 55. 

Applicaiions of the VanH Hoff Equation to the Equilibrium of Gas 
Reactions, — 

Prob, 21, — It has been foimd that when dry air (containing 21.0 
mol-percent of oxygen and 78.0 mol-percent of nitrogen) is kept at 
1957^ till equilibrium is reached, 4.3% of the oxygen present is con- 
verted into nitric oxide. Calcidate the percentage that would be so 
converted at 3000®. The formation of iNO(g) from its elements at 
20° is attended by a heat-absorption of 21,600 cal. For the heat- 
capadties of the three gases see Art. 27. Ans, 18.5%. 

Prob. 22, — Formulate an exact niunerical expression by which the 
dissociation 7 of carbon dioxide into carbon monoxide and oxygen at 
any temperature T and any total pressure p can be calculated. Its 
dissociation at 1205^ and i atm. is 0.032%. Refer to Prob. 19 for the 
heat data needed. 

Prob, 23, — When a mixture of 0.49 mol of Os and i.oo mol of HCl is 
kept at 386^ and i atm. in contact with solid cuprous chloride (which 
acts as a catalyst) till equilibrium is reached, 80% of the HCl is con- 
verted into Cls and HsO. a. Formulate the reaction, and calculate its 
equilibrium-constant at 386^. 6. Formulate as a function of the 
absolute temperature the increase in heat-content attending this re- 
action, using the heat-content data of Prob. 16 and the heat-cai>adty 
data of Art. 27 and of Prob. 17, Art. 131. c. Derive from these results 
a numerical expression for the equilibrium-constant at 25^. 

Prob, 24, — Calculate from the heat data given below and the 
values of the heat-capadties given in Art. 27: a> the heat of dis- 
sociation of iHgO(s) into mercury vapor and oxygen at 357"*; by a 
temperature-fimction expressing the heat-content increase attending 
this dissociation above 357^; c, the dissociation-pressure of solid mercuric 
oxide at 357^ The heat of formation of iHgO(s) at 20"* is 21,700 caL 
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The vaporization of iHg(l) at its boiling-point (357^) absorbs 14,160 
caL The mean value of the atomic heat-capacity of liquid mercury 
between 20^ and 357^ is 6.36 cal. per degree; and the heat-capadty of 
iHgO(s) may be taken as 10.87 ^t all temperatures. The dissociation- 
pressure of mercuric oxide at 390^ is 180 mm. Ans. a, 35i5oo cal.; 
Cf JO mm. 

168. The Effect of Temperature on the Equilibrium of Chemical 
Changes Involving Perfect Solutes. — By substituting in the second-law 
free-energy equation of Art. 166 the expression given in Art. 141 for the 
free-energy decrease attending any chemical change between perfect 
solutes, and noting that in that expression the last term containing 
the initial and final molalities does not vary with the temperature 
when the solution is heated at constant pressure, there again results 
the van't Hoff equation, now expressed in terms of the equilibrium 
molalities: 

This equation is applicable also to chemical changes between solid 
substances and solutes at small concentrations, since it was shown in 
Art. 142 that the participation of solid substances in the change does 
not affect the expression for the free energy. It applies also to changes 
in which the solvent (thus the water in aqueous solutions) enters into 
reaction with solutes at small concentrations. 

From this equation, as from the corresponding one in terms of 
pressures, can be derived the important qualitative principle that the 
equlibrium of a chemical change is displaced by increase of tempera- 
ture in that direction in which the reaction is attended by an increase 
in heat-content (or by an absorption of heat). 

The integration of the equation evidently involves the expression 
of the heat-content as a function of the temperature. Since in the 
case of solutions the temperature interval often is not large, the in- 
crease in heat-content can frequently be regarded as constant; and it 
is to be so regarded in the following problems unless otherwise stated. 
When this is not admissible its variation with the temperature must 
be known. This must usually be derived from direct determinations 
of the heat-effects attending the reaction at two or more different 
temperatures; for there is likely to be a large error involved in cal- 
culating it from the partial heat-capadties of the solutes, since th^ 
form only a small part of the total heat-capadty of the solution. 
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Proh. 25. — Application of the Qualitative Principle. — State the 
conclusions in regard to the heat of solution that can be drawn from the 
facts that solubility of all gaseous substances is decreased, and the solu- 
bilit> of most solid substances is increased, by an increase of tempera- 
ture. 

Prob, 26, — EJfect of Temperature on the Ionization of Water. — The 
neutralization of largely ionized univalent adds and bases in fairly 
dilute solution has been found by direct measurements at 2**, 10®, tS^, 
26®, and 34® to evolve 14,750 — 52/ cal. at the centigrade temperature /. 
The value of the ionization-constant of water at 25® is 1.00X10-". 
Calculate its value at o®. Ans. o.i X10-". 

Prob. 27. — EJfect of Temperature on the Hydrolysis of Salts. — Calcu- 
late the hydrolysis of o. i f . NH4CN at 0° from' its hydrolysis (47%) at 
25^ and from the fact that on mixing at 25^ a solution containing o.2NHt 
and 1000 g. of water with one containing 0.2HCN and 1000 g. of 
water and bringing the mixture back to 25^ there is a heat evolution 
of 152 cal. 

Prob. 28. — Effect of Temperature on Solubility. — The solubility of 
silver chloride in water is i . 10 X lo-* formal at 20® and 1 5. 2 X 10-* formal 
at 100°. a. State just what heat-quantity can be computed from these 
data, and calculate its value, b. State by what thermochemical 
measurement it could be determined experimentally. 
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IV. THE EFFECT OF TEMPERATURE ON THE ELECTROMOTIVE 

FORCE OF VOLTAIC CELLS 

109. The Effect of Tempeiatisre on the Electromotiye Force of 
Voltaic Cells. — By substituting in the second-law free-energy equa- 
tions of Art i66 the quantity enf shown in Art 145 to represent the 
free-energy decrease attending any change in state taking place reversi- 
bly in a voltaic cell there result the following expressions, known as 
the Gibbs-HdmhoUz equation, for the effect of temperature on the 
electromotive force of voltaic cells: 

rfE AJff+ENF j/e\ AHj», 

In this equation Aff denotes the increase in heat-content which 
attends the change in state that takes place when n farada3rs of elec- 
tricity flow through a cell of electromotive force E containing infinite 
quantities of the constituent substances. 

Eject of Temperature on Electromotive Force, — 

Prob. 29, — Show from the Gibbs-Helmholtz equation under what 
conditions the electromotive force of a cell, a, is independent of the tem- 
perature; h, is proportional to the absolute temperature; c, increases 
with rising temperature; d^ decreases with rising temperature. 

Proh, JO. — a. Calculate the temperature-coefficient at 25® of the 
electromotive force of the cell Hs(i atm.), HtS04(o.oi f.)» 02(1 atm.), 
which was found in Prob. 20, Art. 149, to be 1.228 volts. 6. Calculate 
the electromotive force of this cell at o^, assuming'that the heat-effect at- 
tending the change in state does not vary appreciably between o and 25^. 

Prob. 31. — Calculate the temperature-ooeffident at 25® of the electro- 
motive force (1.262 volts) of the cell Ht(i atm.), HC1(4 f.), Cls(i atm.) 
from the heat-content ( — 22,000 cal.) of iHCl(g) and its heat of solu- 
tion (16,000 cal.) in 4 f . HCl solution. 

Prob. 32. — Calculate the electromotive force at 40® of the storage-cell 
Pb(s)4-PbS04(s), HiS04.ioH,0, PbS04(s) +PbOi(s), from its electro- 
motive force (2.096 volts) at o^ and the heat data needed. The heat- 
contents at 18** of iPbS04(s), iPbO,(s), and 1H1SO4O) are -216,210 
cal., —62,900 cal., and —192,900 cal., respectively. The heats of 
solution at 18'' of iHtS04(l) and of iHsO(l) in HsS04.ioHtO are 12,820 
cal. and 230 cal., respectively. 

Prob. 33. — Calculation of Heat of Reaction. — The electromotive 
force of the cell Hg(l) +Hg,Cl,(s), KCl(o.oi f .) -hKNO, (i f .),KNQi(i f.) 
+KOH(o.oi f.), HgtO(s) -|-Hg(l) at o** is 0.1483 volt and at 18.5** is 
0.1636 volt. a. Formulate the change in state that takes place in the 
cell when two faradays pass through it. b. Calculate the attendant 
increase in its heat-content. 
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*It will have been noted that the calculation of the increase in heat- 
content attending chemical changes in voltaic cells involves the heat- 
effect produced by the addition of definite quantities of the solute or 
solvent to an infinite quantity of the solution at a specified concen- 
tration. This kind of heat-effect often has to be considered also in 
evaluating the increase in heat-content used in calculating the change 
with the temperature of the equilibrium conditions of chemical sys- 
tems, as in the application of the Clapeyron equation to solutions in 
Art. 165. It is called (because of the relation derived in Prob. 356) 
the partial heat of solution of the substance. It can be derived from 
calorimetrically measured heats of dilution, like those considered in 
Art. 132, in the ways illustrated by the following problems. 

*Detertninaiion of Partial Heats of Sotution. — 

*Prob. 34. — The measured heat-effect Q attending the mixing of 
iHtSOtO) with NH^iil) at 18** is expressed by the empirical equation, 
Q ^iyS6oN/{N +1.S0) for values of N not exceeding 20. Calculate 
the heat-effect attending the addition to an infinite quantity of 
H1SO4.10HA fl, of iH:0(l) ; 6, of iHjS04(l). Ans. a, 231 ; b, 12820. 

*Prob. 35. — fl. Determine with the aid of a plot of the heats of dilu- 
tion given in the table of Art. 132 the heat -effect attending the addition 
of iHsO(l) to an infinite quantity of ZnCls. looHtO. b. Derive a relation 
between the heat-effect attending the dissolving of iZnCl2(s) in iooHtO(l), 
that attending the addition of iooHtO(l) to an infinite quantity of 
a solution of the composition iZnClt.iooHtO, and that attending the 
addition of iZnCUCs) to an infinite quantity of such a solution. 
c. Calculate the value of the last named heat-effect, d. Calculate the 
heat-content of iZnCls in iZnCU.iooHiO, taking that of iZnClt(s) 
equal to— 97,300 cal. 

*Prob, 36. — The Effect of Temperature on Electrode-Potentials, — 
a. Spedfy precisely the change in state whose heat-effect would be 
used in calculating the temperature-coefficient of the molal electrode- 
potential of Zn(s), Zn++. b. Calculate a value of this temperature- 
coefficient from the heat values found in Prob. 35, the heat-content 
(—22,000 cal.) of iHCl(g), and its heat of dilution as given in Art. 
132, considering for this purpose solutions with looHiO per iZnCb, 
or per iHCl as infinitely dilute. 



CHAPTER XIII 

♦SYSTEMIZATION OF FREE-ENERGY VALUES 



170. Importance of Systemizing Free-Energy Values. — Since a 
knowledge of the changes in free energy attending chemical changes 
makes it possible to predict the direction in which they can take place 
and the conditions under which they are in equilibrium, the working- 
out of a complete s)rstem of free-energy values becomes an experi- 
mental problem of great chemical importance. The more general 
principles by which changes in free energy can be determined have 
already been fully considered in the preceding chapters. The pur- 
poses of this chapter are the direct application of these principles to 
the determination of free-energy values, and the presentation of 
certain conventions by which free-energy values can be system- 
atized. These conventions will be first considered. 

171. Expression of Free-Energy Changes by Equations. — Since the 
free energy of a substance is a quantity which, Uke its heat-content, 
is fully determined by its state, changes in free energy can be repre- 
sented by equations corresponding in every respect to those used for 
expressing changes in heat-content; conventions being adopted for 
showing the state of the substance identical with those described in 
Art. 129. It will suffice to supplement the specifications of that article 
by the following statements. 

Free-energy values are commonly expressed in calories on account 
of their dose relations with heat-content data, which are commonly 
so expressed. 

The pressure at which each substance exists must alwa}^ be definite, 
since the free-energy is in general in a high degree dependent on the 
pressiure. When not specified, the pressure is understood to be one 
atmosphere. 

In correspondence with the convention as to the arbitrary zero- 
point of the heat-content scale, the free energy at any definite tem- 
perature of any definite quantity of a substance in any definite state is 
equal to the increase in free energy that attends the formation of the 
substance in that state out of the pure elementary substances at the 
same temperature, and at a pressure of one atmosphere, each elemen- 
tary substance being in the state of aggregation that is the stable one 
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at this temperature and pressure. Thus the free energy of iHI(i atm.) 
at 25° refers to its formation from gaseous hydrogen and solid 
iodine at 25° and one atmosphere; but at 400° it refers to its forma- 
tion from gaseous hydrogen and gaseous iodine at 400^ and one 
atmosphere. 

The free energy of a substance in a solution is understood to mean the 
increase in free energy attending the formation of the pure substance 
out of the elementary substances plus that attending the introduction 
of it into an infinite quantity of the solution under consideration. This 
free energy is indicated by attaching to the chemical formula a paren- 
thesis showing the concentration or composition of the solution; for 
example, iKCl(at 0.1 f .), 1H2SO4 (in HsSO^-ioH^O). The free energy 
of water in a solution is often conveniently referred to that of pure 
water (instead of to that of hydrogen and oxygen) as zero; and when 
so referred the s)anbol Aq (instead of HaO) is used; for example, sAq 
(inH2S04.ioH20). 

The free energy of an ion in aqueous solution is conveniently de- 
fined, in correspondence with the definition of electrode-potentials 
given in Art. 151, as the increase in free energy that attends the forma- 
tion of the ion in solution at the specified concentration out of the 
elementary substance at one atmosphere, hydrogen-ion at i molal 
being formed at the same time out of hydrogen gas at one atmosphere. 
Thus the free energy of Pb++ (o.i m.) is equal to the increase in free 
energy that attends the reaction Pb(s)+2H+(i m.)=Pb++(o.i m.) 
+H2(i atm.) ; the free energy of H+(i m.) as well as that of H2(i atm.) 
being thereby arbitrarily assumed to be zero. 

When necessary, equations expressing changes in free energy may 
be distinguished from those expressing changes in heat-content by 
prefixing to them the s)anbols (F) and (ff), respectively; and the 
absolute temperature may be shown by attaching to this letter a 
subscript. For example : 

{Fm) H2(g) + i02(g) - HaOa) + 56,620 cal. 

(^298) H2(g) + i02(g) = H20(l) + 68,400 cal. 

(i^Me) H20a) = -56,620 cal. (ffjas) HaOO)^ -68,400 cal. 

Since the free energy of a substance at various small pressures or 
concentrations can be calculated, by the logarithmic expressions of 
Art. 137 and 138, from the free energy at any one definite small pressure 
or concentration, it suffices to determine and record the free energy 
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of each gaseous substance at one atmosphere and of each solute m 
each solvent at i molal. These standard values are, however, com- 
monly so expressed as to represent the free energy of the substance 
at this pressure or concentration under the assumption that it behaves 
as a perfect gas or perfect solute up to this pressure or concentration; 
that is, they are calculated by the logarithmic equation from those 
determined at much smaller pressures or concentrations. 

In the case of solutes so concentrated that they show large deviations 
from the behavior of perfect solutes the free energies must be deter- 
mined at a series of concentrations, and these values must be separately 
recorded. Or, if preferred, the activity-coefficients corresponding 
to the free energies at various formalities of the substance may be 
calculated and recorded. 

' 172. Determination of the Free Energies of Substances. — With 
the aid of the principles relating to free energy considered in chapters 
X, XI, and XII, and the conventions presented in the preceding 
article, the free toergies of substances in theu- different states can be 
determined, as illustrated by the following problems. 

Proh. I. — Free Energies of Elementary Substances in Different States. 
With the aid of the principles of Arts. 137-139, calculate the free 
energy at 25^ of, a, Is(g. at i atm.); b, Is(at i m. in HsO); and c. It (at 
I m. in CCI4). At 25** the vapor-pressure of pure iodine is 0.305 mm., 
its solubility in water is 0.00132 molal, and its distribution-ratio between 
caibon tetrachloride and water is 86. 

Prob, 2. — Free Energy of Solutes at High Concentrations. — 
a. Calculate the free energy of iNHt in a 8.6 n. solution in water at 25° 
from the following data at 25**. The free energy of iNEU(g) is— 4740 
cal. The vapor-pressure of NHt from a 0.2 n. solution in water is 
2.70 mm. llie distribution-ratio of NH| between CCU and H«0 is 
0.0040 when the NH| is 0.2 n. in the water, and 0.0086 when the NHt 
is 8.6 n. in the water, b. State the principles involved, c. State how 
the same free energy might be obtained from another kind of measure- 
ment with the 8.6 n. aqueous solution. 

Free Energies Derived from Electromotive Forces. — 

Prob. J. — Calculate the free energy of iHCl(g) at 25** from the facts 
that at 25® the cell H2(i atm.), HC1(4 f.), Cl»(i atm.) has an electro- 
motive force of 1.262 volts, and that the vapor-pressure of the HCl in its 
4 formal solution is 0.0182 mm. Ans. —22,800 cal. 

Prob. 4. — Calculate the free energy of i AgCl(s) at 25** from the molal 
electrode-potentials and the solubility of AgCl which is 1.30 Xio~* 
formal at 25^. Ans. — 26,200 cal. 

Prob, 5. — Calculate the free energy of iH«0(l) at 25® from the 
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electromotive force (0.926 volts) of the cell HaCg), NaOH(o.i f.), 
HgO(s) 4-Hg(l) and from the free energy C- 13880 cal.) of iHgO(s) at 
25**. Arts. —56,600 cal. 

Prob. 6. — Calculate the free energy of iAgsO(s) at 25®. The electro- 
motive force of the cell Hi(g), KOH(o.i f.), AgjO(s) H-Ag(s) is 1.172 
volt at 25®. Ans. —2500 cal. 

Prob, 7. — Formulate the free energy equation which can be derived 
from the molal electrode-potential of, a, Cli(g), Cl~ and b, Oj(g), 0H~. 
Find the free energy at 25**, c, of Cl~ (i m.), and d, of OH~(i m.). 
Ans, c, —31,400 cal.; i, —37,400 cal. 

Free Energies Derived from Equilibrium Measurements, — 

Prob, 8. — Calculate the free energy of iNO(g) at 1957** from the data 
of Prob. 21, Art. 167. Ans. 13,700 cal. 

Prob. g, — Calculate the free energy of iHgO(s) at 357® from its dis- 
sociation pressure at 357** found in Prob. 24, Art. 167. Ans. — 5700 cal. 

'The Free Energy of a Substance at One Temperature Derived from its 
Free Energy at Another Temperature. — 

Prob. 10. — With the aid of the free-eneigy equation of Art. 166 cal- 
culate the free energy of iNO(g) at 25® from its free energy at 1957** 
foimd in Prob. 8 and from the heat data of Prob. 21 of Art. 167. Ans, 
20,500 cal. 

Prob. II. — Calculate the free energy of iHgO(s) at 25® from its free 
energy at 357° found in Prob. 9 and from the heat data of Prob. 24, 
Art. 167, considering the heat of dissociation of solid mercuric oxide 
into liquid mercury and oxygen to be a linear fimction of the tempera- 
ture between 25** and 357°. Ans. —14,100 cal. 

Prob. 12. — Calculate the free energy at 25® of i at. wt. of monoclinic 
sulfur from the facts that its conversion into rhombic sulfur at its 
transition-point (95.5°) is attended by a heat-evolution of 105 cal. and 
that the atomic heat-capacities of the monoclinic and rhombic forms 
are 6.0 and 5.7 cal. per degree. Tabulate this result with that obtained 
in Prob. 19 of Art. 139. 

Prob, I J, — Derivation of Free Energies from Original Data. — By a 
thorough examination of the chemical literature to find all the data 
bearing on the problem and by a critical consideration of these data 
derive the best values of the free energy at 25®, and of a function ex- 
pressing its change with the temperature, for one of the following solid 
substances (assigned by the instructor): AgsO, HgO, AgCl, PbClf, 
HgiCl,, HgCla, CuCl, Agl, etc. 

173. The Equilibrium-Conditions of Chemical Reactions Derived 
from the Free Energies of the Substances Involved. — When values 
of the free energies of substances have been once determined by the 
methods already described, these values can be employed, conversely, 
for calculating the free-energy decrease attending chemical changes 
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and their equilibrium-constants, as in the following problems. From 
this fact arises the great importance, already referred to, of a complete, 
systematic knowledge of the free energies of substances. 

The EquilibriumrConstants of Chemical Reactions Calculated from the 
Free Energies of the Separate Substances. — 

Proh, 14, — o. Calculate from the free energy values already con- 
sidered the equilibrium-constant at 25° of the reaction: 

Ag,0(s) +H,0+2C1- = 2AgCl(s) +2OH- 

b. State what mixture would finally resiilt if iAgsO(s) were treated at 
25° with 1 1. of o.i f. NaCl solution. 

Prob. 15. — a. Calculate from the free energy values the eq\iilibrium- 
constant of the reaction 4HCl(g)H-02(g)=2ai(g)H-2HiO(g) at 15^ 
b. Calculate the mol-percents of chlorine and oxygen in the gas which 
at I atm. and 25® would escape from a 4 f . HCl solution if oxygen at 
I atm. were passed through it in contact with a catalyst so that equi- 
libriimi was established. At 25* in 4 f. HCl solution the vapor-pres- 
sures of the water and HCl are 19.6 mm. and 0.0182 mm., respectively. 
Ans. a, 1.3 Xio"; b, CU, 7-2%, 62, 90%. 
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NOTATION 



a^ 


activity; area. 


n 


number. 


a, 6 


van der Waals constants. 


n 


number of molecules. 


c 


molal concentration; mola- 


a 


number of molecules inonemol. 




lity. 


P 


pressure. 


d 


density. 


r 


radius. 


d 


differential. 


s 


solubility. 


e 


base of natural logarithms. 


t 


time. 


f 


force. 


t 


centigrade temperature. 


g 


gravity-acceleration. 


u 


velocity. 


h 


height; hydrolysis. 


V 


volume. 


• 


mol-n\miber. 


d 


specific volume. 


k 


kinetic-eneigy constant. 


V 


molal volume. 


k 


specific reaction-rate. 


X 


mol-fraction. 


I 


distance; length. 


x,y, 


z coordinates. 


m 


mass. 






A 


atomic weight; work-content 


M 


moleailar weight. 


A,B 


' constants. 


N 


number of mols. 


C 


heat-capacity. 


P 


osmotic pressure. 


C 


specific heat-capacity. 


P 


probability. 


C 


molal heat-capacity. 


Q 


heat evolved. 


E 


energy. 


R 


gas-constant. 


F 


free energy. 


S 


entropy. 


H 


heat-content. 


T 


absolute temperature. 


K 


eqiiilibrium-constant. 


U 


energy-content. 


K 


kinetic energy. 


W 


work. 


c 


normal concentration; nor- 


L 


specific conductance. 




mality. 


N 


number of equivalents or 


E 


electromotive force. 




faradays. 


E 


electrode-potential. 


Q 


quantity of electricity. 


E 


molal electrode-potential. 


R 


resistance. 


F 


faraday. 


T 


transference number. 


I 


current-strength. 


U 


ion-mobility. 


L 


conductance. 


V 


potential. 



a activity-coefficient. 

ay p coefficients. 

7 dissociation or ionization. 

A increment. 

ri viscosity. 



X 
A 

V 

2 



wave-length, 
equivalent conductance, 
frequency. 

drciunference-diameter ratio, 
siunmation. 
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In this index formal statements of laws or principles and their formula- 
tions in equations are itemized under the heading '4aws, principles, funda- 
mental equations." Definitions of "concepts, properties, and fundamental 
constants," values of the ''constants of chemical substances," and defini- 
tions and values of ''imits" are entered imder these headings, respectively. 



Acids and Bases, 

dibasic acids, ionization, 157-159. 

displacement from salts, 159-160. 

heat of ionization, 220. 

heat of neutralization, 219-220. 

ionization, 118, 123,' 152. 

titration, electrometric, 267. 

titration with indicators, 162-164. 
Add salts, ionization, 158-159. 
Activity and activity-coefficient, 

applications, 172-173. 

change vrith concentration, 1 71-1 72. 

concept, 169, 170. 

determination, 1 70-1 71, 234, 250. 

relation to 

electromotive force, 250. 
free energy, 233-234, 237. 
solubility, 173. 
vapor-pressure, 170. 
Adiabatic expansion, 41, 44. 
Adsorption in' contact catalysis, 142. 
Alloys, / 

anneal^ or tempering, 197. 

compound formation, 193-194, 199. 

coolmg-curves, 194, 198, 202. 

diagrains, 194, 196, 199, 201. 

eutectic point and composition, 192, 
193. 202. 

freezing-point lowering, 193. 

solid solutions, 198-200. 

ternary, 202. 
Annealing, 197. 
Arc process of nitrogen fixation, 136, 

287. 
Association, molecular, 6$, 71. 
Atomic and molecular theories, 

gaseous state, 12, 22-34, 41-46. 

general discussion, 5, 95. 

liquid state, 51-54, 64. 

(See also Ionic theory.) 
Atomic weights, 

determination, 6, 17, 18, 42, 94, 95. 

relation to combining weights, 6, 7, 
i7» 18. 

table of values, 8. 

Avogadro's principle, 12, 24. 



Bases. See Adds and bases. 
Bessemer sted process, 15. 
Boiling-point 

composition diagrams, 68, 73. 

concentrated solutions, 67-^, 72- 

75- 
constant, determination, 62. 

raising, relation to 

comf>osition, 60-63. 

vapor-pressure, 5<;f-6o. 
relation to ^ 

barometric pressure, 48. 

heat of vaporization, 49, 60, 
61. 

vapor-pressure, 48, 59-61. 
Boyle's law, 

derivation, 23. 
statement, 10. 

Caksier catalysis, 140-141. 
Catalysis and catalysts, 

carriers, 140-141. 

contact agents, 141. 

enzymes, 143. 

hydrogen-ion and hydroxide-ion, 
142. 

mechanism, 140-142. 

solvents, 178-179. 

water, 143. 

Cells, voltaic. See Voltaic cells. 
Chemical 

formulas, 8, 18. 

prindples, 3. 

substances, 

classes, 3, 4, 6. 
relation to Henry's law, 64. 
relation to Raoult's law, 58. 
Clapeyron equation, 

applications, 49, 60, 81, 281-283. 

approximate, 50. 

derivation, kinetic, 54. 

derivation, thermod3mamic, 280. 

formulation, 49, 50, 280. 

integration, 50, 281-282. 
Clark standard cell, 262. 
Cohesion of gases, 27, 28, 46. 
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Color-change 

of indicators, i6i. 

on neutralization, 160. 
Combining volume of gases, 12. 
Combining weights, 

determination, 6, 7. 

law, 4, 5. 
Combustion, heat of, 209. 
Complex-salt formation, 65, 78, in, 167, 

169, 203, 267. 
Components, 

concept, 174, 181-183. 

determination, 183. 

(See Phase equilibria.) 
Composition by weight, 4-9, 55, 56. 
Compound formation 

m solid alloys, 193-194, 199. 

in solutions, 71, 72. 
Compression of Uquids, 231. 
Concentrated solutions, 

boiling-point, 67-68, 73-75- 

freezing-point, 82-83. 

osmotic pressure, 87-^. 

vapor-pressure, 67-72. 
Concentration 

by hot gases, 222. 

cells, 250-251. 

polarization, 271, 273. 

Concepts, Properties, Fttmdamxntal 
Constants, 
« absolute temperature, 11. 
acceleration of gravity, 13. 
activity, 169. 
activity-coefficient, 170. 
additive property, 93. 
adiabatic, 41. 
adsorption, 142. 
« ampere, 100. 
anion, 100. 
anode, 08. 
atmosphere, 13. 
atom, 5. 

atomic energy, 43. 
atomic weight, 6, 8, 17. 
Avogadro number, 25. 
bimolecular reactions, 133. 
bivariant systems, 180. 
boiling-point, 48. 
boiling-point constant, 61. 
boiling-point, molal raising, 62. 
carrier catalysts, 140. 
catalysis, 140. * 
cathode, 98. 
cation, 100. 
chemical substance, 6. 
chemistry, 3. 
cohesion-constant a, 27. 



Concepts, Properties, Fundauentai 
Constants (continued) 
cohesion pressure, 27. 
combining weight, 4. 
component, 174, 181-182. 
compound substance, 4. 
compression-coefficient, 231. 
concentrated solutions, 56, 67. 
concentration, 55, 56. 
^concentration-cell, 250. 
conductance, actual, 112. 
conductance, equivalent, 112. 
conductance-ratio, 117, 119. 
conductance, specific, 112. 
cooling-curves, 192. 
current-density, 271. 
cyde of changes, 223. 
cyclical process, 277. 
decomposition-potential, 272. 
density, 10. 
dissoaation, 16. 
dissociation-constant, 148. 
dissociation-pressure, 165. 
distribution-ratio, 77. 
electrode, 98. 
electrode-potential, 256. 
electrode^>otential, molal, 257. 
electrolyte, 98. 
electrolysis, 98.' 
electron, loi. 
electronic charge, loi. 
element, 4. 

elementaiy substance, 4. 
energy, 35. 
energy-efficiency, 275 
enzyme, 143. 
equation of state, 21. 
equilibrium, chemical, 145. 
equilibrium-constant, 146, 148. 
equivalent weight, 9. 
eutectic mixture, 192. 
eutectic point, 192. 
eutectic ternary, 202. 
faraday, 100. 
formahty, 55. 
formula-weight, 8. 
fractionation, 3. 
free energy, 227, 292. 
free path, mean, 30. 
freezmg-point, 80. 
freezing-point-constant, 81. 
freezing-point, molal raising, 82. 
gas-constant, 13. 
gases, perfect, 10. 
gas-polarization, 273. 
heat, 36. 

heat-capadty, molal, 39. 
heat-capadty-ratio, 41. 
lieat-capacity, specific, 39. 
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Concepts, Properties, Fundamektal 
Constants (continued) 
. heat-<ontent, 210, 213. 
heat of 

dilution, 218. 

fusion, 217. 

reaction, 209. 

solution, 217. 
p>s^al, 29Z. 

transition, 217. ^' 

vaporization, 21 ;^ 
humidity, 190. 
hydrate, 65. 
hydrolysis, r54. 
hydrolysis-constant, 156. 
indicator, 161. 
indicator-constant, 161. 
ion, 96, 100. 
ion-conductance, 120. 
ion-constituents, xoo. 
ionic theory, 96. 
ionization, 96. 
ionization-constant, 152. 
irreversible process, 224. 
isomorphism, 91. 
Joule-Thomson effect, 44. 
kinetic energy, 24. 
kinetic-eneigy constant k^ 25. 
kinetic hypotheses, 22. 
liquid-potential, 254. 
mixture, 3. 
mobility of ions, 107. 
mobility of ion-constituents, 107. 
molal 

concentration, 56* 

pn^)erties, 10. 

quantities, 21. 

weight, 12. 
Bgiolali^r, 55. 
molecular 

composition, z8, 

formula, i8. 

weight, 12. 
molecule, 5. 
mol-fraction, 15. 
mol-number, 96. 
mol-ratio, 55. 
normal concentradont 56. 
normality, 55. 
osmotic pressure, 84. 
overvoltage, 273. 
partial pressure, 14. 
perpetual motion 

first kind, 35. 

second kind, 76, 225. 
phase, 55. 
phase rule, 181. 
physical chemistry, 3. 



Concepts, Properties, Fundamental 
Constants (continued) 
physics, ^. 
polarization, 273. 
porous-plug experiment, 44. 
pressure, 13, 37. 
probability-function, 33. 
pure substance, 3. 
reaction 

order, 133. 

rate, x^. 

q)edficrate, 13X. 

uni-, bi-, tri- molecular, 132, 

reduction-potential, 270. 
resistance, 112. 
reversible process, 224. 
saltmg-out effect, 66. 
seznipermeable wall, 14. 
solid solutions, 197. 
solubility, 64. 
solubility-constant, 64. 
solubility-product, 167. 
solute, 55. 
solution, 55. 
solvate, 65. 
solvent, 55. 
specific heat, ^9. 
specific quantities, 21. 
state of system, 35, 174* 
substance, chemical, 6. 
substance, pure, 3. 
system, 35. 

temperature, absolute, 11. 
temperature, centigrade, zz. 
ternary alloys, 202. 
thermochemistry, 207. 
transference, 104. 
transference-number, 105. 
transition-temperature, 176^ 189. 
triple-point, 177. 
umvanant, 180. 
vapor-pressure, 47. 
variance, 180. 
velocity of molecules, 

mean, 34. 

mean square, 34. 

most probable, 34. 
viscosity, 118. 
voltaic action, 98. 
voltaic cell, 244. 
volume 

constant fr, 28. 

molal, 2z. 

specific, 2z. 
weight-normality, 55. 
work, 36. 
work-content, 227. 
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Conductance, electrical, 

actual, specific, and equivalent, 

112. 

determination, 113. 

equivalent, at zero concentration, 

114-116. 
ffeneral discussion, z 1 2 . 
ion-, determination and values, 

120. 
ion-concentration, determination, 

121. 
mixtures, zi6. 
idation to 

activity, 171-172. 
concentration, 114-119. 
ion-mobility, 113-114, 116- 

iip. 
ionization, 117-119, 152-154, 

171-172. 
transference, 113-114. 
viscosity, 118-119. 
Conduction, 
electrolytic 

Faraday's law, 99-ieo. 
general discussion, 98, 112. 
meclianism, ioa-102, 106-107, 
113-119. 
metallic, 98,101. 
Conservation c^ eneigy, law, 35, 207. 

Constants of Chemical Substances, 
activity-coefficients, 171. 
atomic weights, 8. 
boiling-point constants for sol- 
vents, 62. 
composition of air, 15. 
conductance-ratios for laigdy ion- 
ized substances, 124, 171. 
density of 

air, 14. 

mercury, 13. 
deviation-coefficients for gases, 19. 
electrode-potentials, molal, 260. 
freezing-point constant for 

benzene, 83. 

water, 82. 
heat-cs^adties of 

elementary substances, 92. 

dements, 93. 

gases, 42. 

solid compounds, 93. 

water-vapor, 216. 
heats of vaporization, 217. 
hydration of ions, iii. 
hydrogen-ion concentration, change 
during neutralization, 163. 
indicator-constants, 164. 
ion-conductances, 120. 



Constants of Cheiocal Substances 
(continued) 
ionization-constants of 

adds and bases, 123, 152, 157. 

polybasic adds, 157. 

water, 154. 
molal wdght of air, 14. 
molecular 

collisions, 30. 

diameters, 30. 

mean free-path, 3a 
mol-numbers of salts, 96. 
overvoltages, 275. 
phase-diagrams of substances, 

acetic-add benzene, 191. 

alloys, 196, 199, 201. 

organic liquids, 73. 

salt-hydrates, 188-189, JC94- 

195- 

sulfur, 176. 
pressure-volume product of gases 

at moderate pressure, 19. 

at high pressure, 19, 20, 28. 
solubilities of air-gases, 65. 
transference- numbers, 109. 
van der Waals' constants, 28. 
vapor-pressure of 

ice, 80. 

water, 48, 80. 
viscosities of salt solutions, 119. 

Contact agents, 141. 

Contact-process for sulfuric add, 15, 222. 

Cooling-curves, 192, 194. 

Dalton's partial- pressure law, 15. 
Deacon chlorine process, 221. 
Decomposition-potential, 272. 
Definite proportions, law, 4. 
Dehydration. See Drying. 
Diagrams. See Phase diagrams. 
DifiFusion-potentials. 

See Liquid-potentials. 
Dilution, heat of, 218. 
Displac^ent of adds or bases, 

determination, 160. 

prindples, 159-160. 
Dissociation of gases, 

determination from density, z6, 
148-149. 

mass-action relations, 148-149. 

pressure, effect of, 149. 
Dissodation of solids, 

dissociation-pressure, 165, 187, 203. 

gas-phase with one component, 
165-166, 187-190. 

gas-phase with two components, 
167. 
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Dissociation of solids (continued) 

gaseous and liquid phases, 203. 

heat of, 282. 

pressuie-ten4)erature relations, 
165-166, 187-190. 
Distillation, 

of solutions, 68, 69, 72-74, 79. 

steam, 48, 79. 
Distribution ojf 

base between adds, 159-160. 

kinetic eneigies, ^1-34. 

molecular velocities, 33, 34, 52, 53. 

solutes between phases, 63-^, 

76-77. 235. 
Diy cell, 261. 

Drying of 

orpmic liquids, 19a 

salt hydrates, 190. 
Dulong and Petit's law, 91. 

Eftlosescencb <A salt-hydrates, 190. 
Electro^analysis, 272. 
Electrochemical equations, 102-103. 
Electrode-potentials, 

concentration effect, 257-259. 

electromotive force, relation to, 
260-261. 

equilibrium-constants, relation to, 
269-270. 

expression, 255-256. 

mechanism, 254. 

nu^i 257-260. 

normal ailomel cell, 259. 

temperature effect, 291. 
Electrode, 

molal hydrogen, 255. 

normal calomel, 259. 

processes, 98-102, 254-355. 
Electrolysis, 

deposition of metals, 272. 

enernr-effidency, 275. 

Faraday's law, 99-100. 

formulation, 102-103. 

mechanism, 100-102. 

polarization, 273-276. 

products, 98-99. 

separation of dements, 272. 
Electrometric titration, 266-267. 
Electromotive force, 

back, determination, 274. 

cells involving 

chemical changes, 252-253. 
concentrated solutions, 261- 

262. 
physical dianges, 249-251. 

concentration-cells, 250-251. 

relation to 

activity, 250. 



Electromotive force (continued) 
relation to 

concentration, 249, 271. 
dectrode^)otentuds, 254, 26a- 

261. 
equilibrium-constant, 352-253. 
free energy, 247-253, 294-295. 
temperature, 290-291. 
Elements and dementary substances, 

general relations, 4. 
eat-capadty of gaseous, 41. 
heat<apadty of solid, 91-92. 
molecular formulas of gaseous, 19, 

41-44. 
periodic law, 95. 

separation by dectiolysis, 372. 
Eneigy, 

conservation, 35. 

content in general, 39-40, 207-208, 
209-211. 

content of 

imperfect gases, 44-46. 
perfect gases, 40-44. 

effidency of electrolysis, 275. 

general discussion, 35-40. 

mtramolecular, 43. 

molecular, 42-43. 

units, 37. 
Enzymes, 143. 
Equations, 

electrochemical, 102-103. 

free-energy, 292-293. 

heat-content, 211-214. 

of state of gases, 13, 19, 21, 27. 

thermochemical, 21 1-2 14. 

Equilibrium of gas or solute reactions, 
derivation from reaction-rate, 138. 
derivation from free-energy, 238- 

242. 
determined thermochemically, 221. 
general discussion, 145, 174-175. 
oxidation-reactions, 269-270. 
relation to 

dectromotive force, 252-253. 
free-energy, 336, 240, 242, 

295-296. 
pressure, 150. 
temperature, 285-289. 
(SeealsoMass-action law,andPhase 
equilibria.) 

Equilibrium of polyphase S3rstems, 
general oonsiaerations, 174-175, 

202-203. 
phase rule, 180-186. 
relation to 

activity, 236. 

pressure and temperature, 
280-283. 
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Equilibriiiin of polyphase vyBtenu 
(continued) 
systems with 

one-con^Mnent, 176-179. 
solid solutions, 197-300. 
three oon^)onents, 201-203. 
two components, 187-200. 
two liquids, 76-79. 
unstable conditions, 177-179, 195. 
(See also Phase diagrams, and 
Phase rule.) 
Equilibrium-Constants, relation to 
dissociation-constants, 150. 
dectrode^wtentials, 269-270. 
electromotive force, 252-253, 266- 

267, 269-270. 
fre&-eneigies, 240, 242, 295-296 
ionization-constants, 157. 
oxidation-reactions, 369-270. 
reacdon-iate, 138. 
Eutectic 

composition, 193-193, 202. 
point, 192, 203. 
texture, 193. 
Explosions, pressure and temperature, 

221. 
Extraction by solvents, 77. 

Fasaday's law, 99-100. 

Flames, maximum temperature, 331. 

Formation, 

free eneigy of, 313-3x5. 
heat of, 213-215. 
Free energy, 

activity, relation to, 237. 
change attending 

activity changes, 334. 
compression of liquids, 331. 
concentration-changes, 331- 

33^. 
expansion of gases, 330. 
formation of compounds, 394- 

395. ^ 
reactions between gases, 338- 

240. 
reactions between solutes, 240- 

241. 
reactions involving solids, 242. 
transfer between phases, 234- 

237. 
transfer between solutions, 

231-234. 
transition oit unstable phases, 

235-2^6. 
voltaic action, 347-353. 
volume changes, 330-331. 
concept, 226-229. 
electromotive force, relation, 347- 

^SZ^ 294-395. 



Free energy (continued) 

elementary substances, 393, 394. 
equations, 331, 334, 339, 341, 343, 

384-385, 393. 
equilibrium, relation to, 336, 340, 

343, 395-35)6- 

expression by equations, 393. 

importance, 338^339, 393. 

ions, 393. 

of formation, 393-293. 

temperature, effect of, 284-285, 395. 

values, determination, 394-396. 

values, systemization, 393-396. 
Freezing-point, 

constants, 81-83. 

heat of fusion, relation, 81, 83.^ 

lowering, composition relations, 
81-183. 

lowering, effect of salts, 96-97. 

lowering of metals, 193. 

pressure, effect of, 177, 381. 

raising by solutes, 198. 

solid solutions, 198-200. 

vapor-pressure rdations, 80-82. 
Fusion, heat of, 

freeadng-point relation, 81, 82. 

heat-of-vaporization relation, 81. 

Gas-constant, calculation of, 13, 38. 
Gases, 

cohesion, 27, 28, 46. 
dissociation, 16, 148-149. 
energy of imperfect, 44-46. 
eneiiG^ of perfect, 40-44. 
kinetic theory, 22-^, 42-46. 
mass-action relations, 148-151, 

165-166. 
partial pressure, 14-16. 
reactions, 

equilibrium, temperature-effect, 

285-288. 
heat of, 209. 
rate of, 135-136. 
solubility, 64-66. 
volume 

at high pressures, 19, so. 
at moiderate pressures, 19. 35-28. 
of perfect, 10-16, 32-25. 
Gibbs-Helmiholtz equation, 390. 

HSAT-CAPACnY, 

additive property, 93. 
{^eral discussion, 39. 
influence on heat of reacti o n, 3x6. 
of pofect gases, 

kinetic interpretation, 43-44. 

phy»cal laws, 40, 41. 

relation to atomic weight, 43. 

relation to compositimi, 41, 43. 
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Heat-capactty (continued) 
of solid substances 

compound, 93. 

elementary, 91-93. 
ratio for gases, 41. 

Heat-oontent decrease, 
attending 

aqueous-solution reactions, 

218-220. 
combustions, 209. 
dilution, 218. 
formation of compounds, 213- 

216. 
paseous reactions, 209. 
ionization, 220. y 

neutralization, 219-22^ 
solution, 217-218. 
transition, 218. 
determination, 208, 214-215, 290. 
energy-content relation, 210. 
expression by equations, 211-214, 

286. 
temperature-effect, 215-216, 286. 

Heat of fusion. See Fusion. 

Heat of reaction of various types. 
See Heat-content decrease. 

Heat of vaporization. See Vaporization. 
Henry's law, 63-66. 
H3rdnites of salts. See Salt-hydrates. 
Hydration of 

ions. III, 121. 

salts, heat of, 281. 

solutes, 65. 
Hydrogen-ion, 

add salts, 142, 158. 

catalytic effect, 142. 

change on neutralization, 163. 

concentration in water, 122. 

determination, 142, 158, 159, 162. 
Hydrolysis of salts, 

constant, 156-157. 

determination, 122, 155, 267. 

mass-action relations, 156-157. 

temperature-effect, 289. 
Hygrosoopicity of salts, 190. 

Indicatoss, 

constants of, determination, 162, 
267. 

constants, values, 164. 

principles, 161-164. 
Ionic theory, explanation of 

conductance, 113-1x9. 

electrode-jpotentials, 254. 

electrolysis, 101-103. 

electromotive force, 254-255. 

heat of reaction, 220. 



Ionic theory, explanation of (continued) 
largely ionized substances, 123- 

126, 171. 
liquid-potentiab, 262. 
mass^action effects, 152-164, 167- 

173- 

molal properties c& salts, 96-97* 

transference, 106-108. 

voltaic action, 243-244. 
Ions or ion-constituents, 

activity, 1 71-172. 

complex, 78, III, 167, 169, 267. 

composition determined, iii. 

concentration, determined, 121- 
122, 266-267. 

concentration in water, 122. 

conductance, 1 20-121. 

electric charge on, loi. 

electron relations, loi. 

electrostatic separation, 255. 

free energy, 29J. 

general discussion, 100. 

hydration, iii, 121. 

ionization, 106, 11 7-1 19, 123-126. 

mobility. See Mobility, ionic. 

transference, 107. 
Ionization, 

adds and bases, 123, 152. 

add salts, 157-158. 

common-ion effect, 152. 

dibasic adds, 157-159. 

from conductance, 11 7-1 19, 152. 

from molal properties, 97. 

general discussion, 96, 106, 123- 
126, 153. 

heat of, 220. 

hypotheses, 124-126, 153. 

mass-action relations, 152-154. 

salts, 123-126, 153. 

water, 122, 154, 157. 
lonizadon-constants, 

adds and bases, 152. 

determination, 152, 154, 157, 159, 
267. 

dibasic adds, 157. 
Irreversible processes, 224-225. 

JouLE-Thomson effect, 44. 

KiNETTC 

derivation of Clapeyron equation, 

53-54. 
energy of molecules, 24, 31-34, 42, 43. 

hypotheses, 22. 

interpretation of vaporization, 51- 

54. 
mterpretation of vapor-pressure of 

solutions, 58, 70, 71. 
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KiNEnc (continued) 

mechanism of reaction-rate, 135. 
theory of imperfect gases, 25-28, 

45-46. 
theory of perfect gases, 22-25, 42- 
44. 

Kopp's law of heat-capadty, 93. 
Laws, Psinciples, Fttmdamemtal 

EQUATIONSt 

Avogadro's, 12, 24. 
boilmg'point raising, 60, 61. 
Boyle's, 10. 
Clapeyron equation, 

approximate, 50. 

exact, 49, 280. 
combining volumes, 12. 
conservation of energy, 35, 207. 
constant eneigy-content of gases, 

40. 
Dalton's partial pressure, 15. 
definite i>roportions, 4' 
distribution between phases, 77. 
Dulong and Petit's, 91. 
Faradasr's, 100. 

free-eneigy equations, 231, 234, 
239, 241, 242, 284, 285, 293. 
freezing-point lowering, 81, 82. 
gases, at moderate pressure, 19. 
gases, perfect, 10-13. 
Gibbs-Helmholtz equation, 290. 
heat-content equation, 212. 
Henry's, 63. 
indicator equation, 162. 
initial and nnal states, 36. 
independence of reaction-rates, 137. 
kinetic e(]uation for 

distribution of energies, 33. 

imperfect gases, 27. 

pmect gases, 22. 

vi^r-pressure, 54. 
Kopip's heat-capacity, 93. 
liquid-potential equations, 263. 
mass-action law of equilibrium, 

146, 148. 
mass^action law of reaction-rate, 

131. 134. 
Maxwell's distribution, 32. 

Ohm's, 112. 

osmotic pressure, 87. 

perfect solutions, 56. 

periodic, 95. 

perpetual motion, 35, 76, 223. 

plu^ rule, 181. 

Raoult's, 57, 58, 59. 

salting-out, 66. 

solubiUty of gases, 64. 

solubility-lowering, 78. 

solubility-product, 167. 
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Laws, Pszncipibs, Fomdamental 
Equations (continued) 

thermod3aiamics, first law, 35. 

thermodynamics, second law, 224. 

transference, 105. 

Ttoutmi's rule, 217. 

van der Waals equation, 21, 27. 

van't Hoff equaticm, 286. 
Lime-burning, 187. 
Liquid air processes, 45. 
Liquid-potentials, 

conventions, 256. 

derivation of equations, 264-266. 

equations for, 263. 

mechanism, 262. 
Liquids, 

boiling-pdnt, 48. 

compression of, 231. 

heat of vaporization, 49, 52-54, 21 7. 

mixtures of. See Solutions. 

partially misdble, 79. 

pressure, effect on vapor^ressure, 
85-86. 

temperature-change on mixing, 70. 

vapor-pressure, 47-54, 85-^. 

voiume-change on mixing, 70. 

Mass-action law of equilibrium, 
applied to 

equilibrium in general, 146— 

147, 165. 
imperfect solutes, 169-173. 
indicators, 161-164. 
perfect gases, 148-151. 
perfect solutes, 152-169. 
solids and gases, 165-166. 
solids and solutes, 166-169. 
titration, 162-164. 
derivation, 138, 240, 241. 
formulation, 146, 148, 167. 
phase-rule, contrasted, 203. 
Mass-action law of reaction-rate, 13 1~ 

138. 
Maxwell's distribution law, 32. 
Melting-point. See Freezing-point. 
Metals, 

deposition by electndysis, 272. 
polarization, 275. 
(See also Elements, and Alloys.) 
Molal properties of 
^ases, 10-46. 

ionized substances, 96-97. 
solutions, 57-90. 
Molal quantities, 21. 
Mobility (ionic) 

coiuiuctance, relation to, 113. 
experimental determination of, 107— 
109. 
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Mobility (ioiiic) (continued) 

genenil ducuasion, Z06-Z07, 123- 

126. 
transference, relation to, 107-108. 
viscosity, effect <rf, ii8r-iig. 

Molecular 

formulas, z8. 

formulas iA elementary substances, 

19. 
magnitudes, 30-31, 
mechanism df electromotive force, 

243- 
mechanism of reactions, i34-i35> 

140-Z42. 
nature of gases, 12, 18, 19, 22-34, 

41-44. ^ ^ 

nature of solutes, 57, 63, 65, 70-72. 
species. See Chemical substance, 
weight 

effect of solvent, 63, 83. 

^ gases, 12, 16, 17. 

of solutes, 57, 62, 63, 83. 
(See also Molecules and KineUc.) 

Molecules, 

atomic composition, 19, 4^~4A' 
attraction, 26-28, 46, 51. 7o, 71. 
collisions with one another, 30, 

31. 
diameter, 29-jo. 

distribution of energies, 31-34. 

distribution of velocities, 33-34- 

free-path, 30. 

impacts on imit-surface, 23, 26, 53. 

kinetic energy, 24, 31-34, 42. 

mass, 25. 

number in one mol, 25. 

rotational energy, 43. 

velocity, 24, 30, 33, 34, 5^. 

volume, 26-29. 
Mol-number, 96. 

Moving-boundary method of transfer- 
ence, X08. 

NETrrSAUZATION, 

heats of, 219-220. 
indicators, 161-164. 
Nitrogen-fixation, arc process, 136, 287. 

Omc's law, 112. 
Order of reactions, 133. 
Osmotic pressure, 

experimental determination, 84. 
general discussion, 84. 
relation to 

composition, 87-88. 
hydrostatic pressure, 88. 
vapor-pressure, 85-87. 
Overvoltage. See Polarization. 



Oridation-reactions 

equilibrium in relation to dectrode- 

potentials, 26^270. 
potentials of, 270. 

Periodic law, 95. 
Perpetual motion, 

first kind, 35. 

phase-equilibrium derivations, 76- 

78. 
phase-rule derivation, 183-186. 
second kind, 76, 223. 
Phase diagrams, 

boiling-ix>int composition, 68, 73. 
pressure-temperature, 176, 188- 

189, Z96. 
substances 

acetic-add benzene, 191. 
aUoys, 193, 194. 196, 199-202. 
organic Uquids, 73. 
salt-hydrates, 188-189, 194- 

195. 
sulfur, 176. 
temperature-composition, 68, 73, 

190-197, 199-202. 
triangular, 201. 
vapor-pressure composition, 68, 72, 

79, 188. 
vapor-pressure freezing-point, 80. 

Phase rule, 

component-concei>t, 174, 181-183. 
derivation deductively, 183-186. 
derivation inductively, 180-181. 
mass-action law, contrasted, 203. 
statement, 181. 
variance-concept, 180. 

Phase equilibria. 

See Equilibrium of polyphase sjrs- 
tems. 
Polarization, 

concentration-, 271-273. 

gas-, 273-276. 
Porous-plug experiments, 44. 
Pressure of gases, 

cohesion, 27, 28, 46. 

height, change with, 86. 

kinetic interpretation, 22-29. 

partial, 14-16. 

volume and. temperature relations, 
10-21. 

wet and dry, 47. 
Probability of kinetic energies, 31-34. 
Producer-gas process, 166. 

Raoult's law. 57-59. 
Rate of reactions, 

catalytic effects, 140-143. 

concentration effects, 131-139. 

dissolving of solid substances, 139. 
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Rate of reactions (continued) 

mass-action law, 131-138. 

mechanism, I34-Z35» 140-142. 

order of reactions, 132-134. 

simultaneous reactions, 136^138. 

surliux effects, 139. 

temperature effects, 144. 

transition of solids, 178-179. 
Reduction-potentials, 270. 
Reversible processes, 224-226. 

SALT-hydrates, 

determination of existing, 189, 195. 

diagrams, 188-189, 194-195. 

drymg, 190. 

efflorescenceandhygrosoopidty, 190. 

heat of hydration, 281. 

preparation, 195. 

solubility, 194-196. 

transition, 189, 190. 

unstable forms, 195-196. 

vapor-pressures, 188-189, 196. 
Salting-out effect, 66, 77. 
Salts. See Substances, largdy ionized. 
Saturation of solution, rate, 139. 
Semipermeable walls, 14, 84. 
Shaking-out by solvents, 77. 
SoUd solutions, 

description, 197. 

freezing-point, 198-200. 
Solid substances, 

atomic properties, 91. 

heat-capaaty, 91-94. 

rate of dissolving, 139. 

solubility, 166-169, 173. 
SolubiUty of 

gases, 64-66. . 

largely ionized substances, 167-169, 

173- 
salts, determined from 

conductance, 121. 

electromotive force, 267. 
salts, effect of 

common-ion, 168. 

complex formation, 167, 169. 

metathesis, 168-169. 

temperature, 289. 
solvents in one another, 78, 79. 
imstable phases, 177, 179. 
Solution, heat of, 217-218, 220, 291. 
Solutions (and solutes), 

boiling-point of concentrated, 67- 
. . 69, 73-75. 
boiling-point of dilute, 59-62. 
classes, 56, 67. 

composition, expression of, 55, 56. 
conductance, 1 12-122. 
electrolysis, 98-103. 



Solutions (and solutes) (ocntinued) 
freezing-point, 80^3. 
ionization, 96, 123-126. 
molal properties, 57-90. 
osmotic pressure, 84-88. 
Raoult's law deviations, 70, 71. 
reactions, 

equilibrium of. 

See Equilibrium. 

rate of, I3i-i35t I39t X44- 
solid, 197-200. 

thermochemistry of, 2x7-221. 
transference, 104-iiz. 
vapor-pressure of concentrated, 

67-72, 79. 
vs^r-pressure of dilute, 57-66. 
Specific heat. See Heat-capadty. 
Standard cell, Qark, 262. 
Steam distillation, 48, 79. 
Storage cells, 245-246, 261. 
Substances, 

chemical, classes of, 3, 4, 6. 
largely ionized, 

activity, 1 71-172. 
concentration determined iroax 

conductance, 121. 
conductance, 115-116, 119. 
heat of reactions, 219-220. 
ionization, 96-97, 119, 133- 

126, 153. 171-173. 
solubility, 167-169. 
slightly ionized, 

conductance at zero concentra- 
tion, 115. 
ionization, 118, 123. 
(See Adds and bases.) 

TEicPESATURE-change produced by 

expansion of gases, 45. 

flames and explosions, 221. 

mixing of liquids, 70. 
Temperature-composition diagrams. 

See Phase diagrams. 
Tempering, 197. 
Thermochemiod 

applications, 221-222. 

equations, 211-214. 

prindples, 207-216. 

results, 217-221. 
Thermodynamics, 

first-law, 35-37, 207-208. 

second-law, 76, 223-229, 277-279, 
Titration of adds and bases, 

electrometric, 267-268. 

polybasic adds, 164. 

prindples, 162-164. 
Transference (electrical), 

concentration, effect of, X09-110. 
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Transference (electrical) (continued) 

conductance, relation to, 113-1x4. 

determination of composition of 
ions, iio-iii. 

experimental determination, 104- 
ic6, 108. 

general discussion, 104. 

lon^mobility, relation to, Z06-108. 

mechanism, 106-107. 

moving-boundary method, 108-109. 

numbers, io5-io(S. 
Transition 

cataljrsis of , 178-179. 

free energy of, 234-236. 

heat of, 218, 281. 

salt-hydrates, 189. 

temperature, determination, 178. 

temperature, efifect of pressure, 177, 
281. 

unstable phases, 177-178. 
Trouton's rule, 217. 

Units, definitions, 

ampere, 100. 

bar, 13. 

calorie, 37. 

coulomb, zoo. 

dyne, 13. 

erg, J7. 

faraday, 100. 

joule, 37. 

megabar, 13. 

mho, 112. 

ohm, 112. 

mol, 12. 

reciprocal ohm, 1x2. 
Univariant systems, temperature-pres- 
sure relations, 280. 
Unstable phases, 

diagrams, 176^178. 

disoission, 177-179. 

free-energy, 235-236. 

solubility, 177, 179. 195-196. 

transition, 178-179. 

vapor-pressure, 177. 

Van der Waals equation, 21, 27. 
Van't Hofif equation, 285-289. 
Vapor-density, determination, 16. 
Vaporization, heat of, 

boiling-point relations, 49, 60, 61, 
217. 

kinetic interpretation, 52-54. 

Trouton's rme, 217. 

vs^r-pressure relation, 48-50, 282. 
Vapor-pressure 

composition diagrams, 68, 72, 79, 
Z89. 

determination, 47, 67. 



Vapor-pressure (continued) 
general discussion, 47. 
Mnolecular interpretation, 5Z-54f 

5S, 70. 71. 
of various systems, 

partially misdble liquids, 79. 

perfect solutes, 63-66. 

salt-hydrates, 188-189, 196. 

solutions, concentrated, 67-72. 

solutions, dilute, 57-59, 63-66. 

solvents, 57-59- 

unstable phases, 177. 
relation to 

activity, 170. 

boiling-point, 48, 59-61. 

composition (Raoult's law), 

^ 57-59, 67-72, 79. 

freezing-point, 80-82. 

heat of vaporization, 49, 54. 

osmotic pressure, 85, 87. 

pressure, 85-86. 

temperature, 48^50. 
Variance, 

applications, z8o-z8v'^3- 
concept, 180. / 

Viscosity, / 

conductance, effeA on, iz8rzi9. 
general discussio/, 118. . 
ion-mobility, effect on, 118-1x9. 
Voltaic cells, 

changes in state, 243-247, 252. 
ooncentration-cdls, 250-25 x. 
conduction in, 99-102. 
electrode-potentials, 254-26X. 
electrode products, 98-99. 
electromotive force, 249-268. 
formulation, 102-103, 244-247. 
free energy decrease, 247-253. 
involving 

chemical changes, 2^2-253. 

concentrated solutions, 261- 
262. 

physical changes, 249-251. 
liqiiid-potentials, 262-266. 
mechanism of action, 243-244. 
polarization, 273-276. 
standard cell (Clark), 262. 
storage cells, 245-246, 261. 
work produced, 247-248. 
Volume-change attendiiig 

compression of liquids, 231. 
displacement of adds, x6o. 
mixing of liquids, 70. 
neutralization, 160. 

Water 

as catalyst, X43. 
ps process, X5a-X5x. 
loni^tion, X22, X54, 267, 289. 
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Woric-content, 

efifect of temperature, 284-385. 

general diacusaion, 226-228. 
Work, produced by 

changes in general, 223-329. 

gas reactions, 209, 21Z. 

heat-transfer between tempera- 
tures, 277-279. 



Work, produced by (continued) 
reversible changes, 226-228. 
voltaic cells, 247-353. 
volume-changes in general, 37, 38. 
volume-changes of perfect 

3«. 
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